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Abstract

In the past decades, progress in the development of particle accelerators and
detectors enabled scientists to study the production, interactions, and collective
phenomena of many particle species in great detail. Ranging from light mesons
to nuclei, even rare or short-lived probes could be measured over a broad range
of collision energies. Nonetheless, data on one row of the baryon octet, the Σ
baryons, is scarce. In previous measurements, mostly the excited states of Σ
baryons were measured [1]. Some results also exist on the Σ0 (e.g. Ref. [2, 3]).
The charged ground-state Σ baryons are, however, mostly unexplored. The
only measurements of the Σ+ production in high-energy collisions so far were
performed by the DELPHI, OPAL, and L3 collaborations, which were all situ-
ated at the LEP collider at CERN and measured the Σ+ in hadronic decays of
the Z0 boson [4–6]. The reason for the scarce data situation is that the charged
ground-state Σ baryons are extraordinarily challenging to measure, which will
be discussed in detail in this thesis. The aforementioned measurements have
been compared to different Monte Carlo event generators and showed sizeable
deviations in the yield and shape of the obtained momentum spectra [1, 2, 4–
6]. It is well known that common event generators generally underpredict the
production of strangeness [7, 8], which also reflects in an underprediction of Σ
baryons in these models. In this regard, the measurement of Σ+ cannot only
provide a valuable cross check of the yields and spectral shape but also serve
as an input to improve those models.
Moreover, a good knowledge about the production cross sections of Σ baryons
is of importance for the measurements of protons and Λs, as the Σs feed down
into the measured yields of these particles via their weak decays [9].
The observed enhancement of the production of strangeness in hadronic col-
lisions with increasing multiplicity was historically seen as a signature of the
quark-gluon plasma [10]. Currently, only one single strange ground-state baryon,
the Λ, is measured multiplicity differentially [10] and also in this regard, the
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measurement of Σ baryons can help to complete the picture.
Apart from the measurement of the production cross section, the reconstruc-
tion of the Σ+ baryons opens up the possibility to study their interactions with
other hadrons via the femtoscopy method [11]. The interaction between nu-
cleons and hyperons as well as the interaction between hyperons is generally
not well known. This is related to the fact that neither targets nor beams
can be created from hyperons, inhibiting scattering experiments. Knowledge
about the aforementioned interactions is crucial for the equation of state of
dense astrophysical objects like neutron stars, since the Pauli principle implies
that the presence of hyperons might be energetically favorable at densities well
above the nuclear saturation density [12–14]. Among the interactions including
hyperons, the N–Λ interaction is rather well known from femtoscopic measure-
ments [15, 16] and the analysis of hypernuclei [17]. These results have already
created tension with astronomical observations, known as the “hyperon puz-
zle”. On the other hand, it has recently emerged that non-negligible three-body
contributions might be responsible for the discrepancy and may even inhibit
Λ baryons from appearing in neutron stars [18, 19]. This, however, does not
rule out other hyperons like Σ or Ξ baryons from emerging, depending on their
respective interactions with the surrounding neutron star matter. These inter-
actions are, however, even less known and thus the extension of the femtoscopic
studies to the Σ sector can provide valuable information. In this regard, the
N–Σ (I = 3/2) channel gives access to the partially Pauli-forbidden decuplet,
which can neither be accessed by the N–N nor by the N–Λ interaction [20].
Specifically, the p–Σ+ interaction studied in this thesis stands out, as it is
closely related to the unmeasurable n–Σ− interaction, which is most important
for neutron stars [12–14]. Furthermore, given sufficient data, this channel allows
to test the SU(3) flavor symmetry breaking in the 27-plet interaction [20, 21].
Moreover, knowledge about the p–Σ0 correlation function is an important input
for the measurement of the p–Λ correlation function, as both systems are not
fully separable experimentally [15].
Previous femtoscopic studies focused on the p–Σ0 system [22, 23]. This seems
natural, as the Σ0 is relatively easy to access experimentally. However, specific
challenges arise which hinder the extraction of the relevant information in this
system. This will be addressed in detail in this thesis. It will also be discussed
why the p–Σ+ system is in fact more promising, both experimentally and the-
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oretically, and which challenges there are.
The difficulty of reconstructing the Σ+ baryon in high-energy collision experi-
ments reflects itself in the lack of previous measurements and will take a promi-
nent part in this thesis. Besides the results obtained from the available data,
the methods which have been developed in the scope of this thesis will be useful
for the measurement of other particle pairs and the data to come.
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Zusammenfassung

Durch den Fortschritt in der Entwicklung von Teilchenbeschleunigern und De-
tektoren ist es in den vergangenen Jahrzehnten gelungen, die Produktion, Wech-
selwirkungen und kollektive Effekte von vielen Teilchen in großem Detail zu
studieren. Von leichten Mesonen bis hin zu Kernen konnten sogar seltene oder
kurzlebige Teilchen über eine große Bandbreite von Kollisionsenergien gemessen
werden. Daten zu einer Reihe des Baryonen-Oktetts, die Σ-Baryonen, sind je-
doch nur spärlich vorhanden. In früheren Messungen wurden hauptsächlich die
angeregten Zustände der Σ-Baryonen gemessen [1]. Zudem lassen sich einige
Ergebnisse über das Σ0 finden (z.B. Ref. [2, 3]). Die geladenen Σ-Baryonen im
Grundzustand sind jedoch weitestgehend unerforscht. Die einzigen Messungen
der Σ+-Produktion in hochenergetischen Kollisionen wurden von den DELPHI,
OPAL und L3 Kollaborationen gemessen, welche alle am LEP-Speicherring
am CERN angesiedelt waren und welche Σ+ in hadronischen Zerfällen des Z0-
Bosons gemessen haben [4–6]. Der Grund für die spärliche Datenlage ist, dass
die geladenen Σ-Baryonen im Grundzustand ausgesprochen schwer zu messen
sind. Dies wird in dieser Arbeit im Detail diskutiert. Die zuvor angesprochenen
Messungen wurden mit verschiedenen Monte-Carlo-Ereignisgeneratoren ver-
glichen und zeigten erhebliche Abweichungen in der Menge der produzierten
Teilchen und der Impulsspektren [1, 2, 4–6]. Bekanntermaßen unterschätzen
gängige Ereignisgeneratoren die Produktion von Strangeness [7, 8], was sich
auch in einer zu geringen Produktion von Σ-Baryonen in diesen Modellen zeigt.
In diesem Zusammenhang kann die Messung von Σ+ nicht nur der Überprü-
fung bisheriger Modelle dienen, sondern auch als Input, um diese Modelle zu
verbessern.
Gute Kenntnis über die Produktionsquerschnitte von Σ-Baryonen sind zudem
auch für die Messung von Protonen und Λs wichtig, da Σs schwach in diese
Teilchen zerfallen können [9].
Der beobachtete Anstieg der Produktion von Strangeness in hadronischen Kol-
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lisionen mit steigender Multiplizität wurde historisch als Signatur des Quark-
Gluon-Plasmas gesehen [10]. Gegenwärtig wurde nur ein einfach seltsames
Baryon im Grundzustand, das Λ, in Abhängigkeit der Multiplizität gemessen [10]
und auch in diesem Zusammenhang kann die Messung von Σ-Baryonen helfen,
das Verständnis der Produktion von Strangeness zu verbessern.
Abgesehen von der Messung der Produktionsquerschnitte eröffnet die Rekon-
struktion der Σ+-Baryonen die Möglichkeit, ihre Wechselwirkung mit anderen
Hadronen mittels der femtokopischen Methode zu untersuchen [11]. Die Wech-
selwirkung zwischen Nukleonen und Hyperonen, sowie die Wechselwirkung zwi-
schen Hyperonen ist generell nicht gut bekannt. Grund dafür ist, dass weder
Targets noch Strahlen aus Hyperonen erzeugt werden können, wodurch Streu-
Experimente erschwert werden. Die Kenntnis dieser Wechselwirkungen ist für
die Zustandsgleichung dichter astrophysikalischer Objekte wie Neutronensterne
von entscheidender Bedeutung, da das Pauli-Prinzip impliziert, dass die Entste-
hung von Hyperonen bei Dichten weit oberhalb der Kernsättigungsdichte en-
ergetisch günstig sein könnte [12–14]. Unter den Wechselwirkungen mit Hy-
peronen ist die N–Λ-Wechselwirkung vergleichsweise gut durch femtoskopische
Messungen [15, 16] und die Analyse von Hyperkernen [17] bekannt. Diese Ergeb-
nisse haben bereits Spannungen mit astronomischen Beobachtungen, bekannt
als “Hyperonen Puzzle”, hervorgerufen. In jüngster Zeit hat sich jedoch heraus-
gestellt, dass nicht vernachlässigbare Dreikörperbeiträge der Wechselwirkung
für die Diskrepanz verantwortlich sein könnten und diese möglicherweise sogar
das Auftreten von Λ-Baryonen in Neutronensternen verhindern können [18, 19].
Das schließt jedoch nicht aus, dass andere Hyperonen wie Σ- oder Ξ-Baryonen
abhängig von ihren jeweiligen Wechselwirkungen mit der umgebenden Neutronen-
stern-Materie auftreten. Diese Wechselwirkungen sind jedoch noch weniger
bekannt und daher kann die Ausweitung der femtoskopischen Studien auf Σ-
Baryonen wertvolle Informationen liefern. In diesem Zusammenhang gibt der
N–Σ (I = 3/2)-Kanal Zugang zum teilweise Pauli-verbotenen Dekuplett, welches
weder durch die N–N- noch durch N–Λ-Wechselwirkung erschlossen werden
kann [20]. Im Speziellen sticht die p–Σ+-Wechselwirkung, welche in dieser Ar-
beit untersucht wird, hervor, da sie nah mit der n–Σ−-Wechselwirkung verwandt
ist, die von zentraler Bedeutung für Neutronensterne ist [12–14]. Darüber hin-
aus lässt sich in diesem Kanal, genügend Daten vorausgesetzt, die Brechung
der SU(3)-Flavor-Symmetrie in der 27-plet-Wechselwirkung überprüfen [20, 21].
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Weiterhin ist die Kenntnis über die p–Σ0-Korrelationsfunktion ein entscheiden-
der Input für die Messung der p–Λ-Korrelationsfunktion, da sich diese Systeme
experimentell nicht vollständig trennen lassen [15].
Frühere femtoskopische Studien fokussierten sich auf das p–Σ0-System [22, 23].
Das erscheint sinnvoll, da das Σ0 vergleichsweise einfach zu rekonstruieren ist.
Es treten jedoch bestimmte Hürden auf, welche in diesem System die Extrak-
tion der relevanten Informationen erschweren. Dies wird in dieser Arbeit im
Detail besprochen. Es wird außerdem besprochen, warum das p–Σ+-System
tatsächlich vielversprechender ist, sowohl experimentell als auch theoretisch,
und welche Herausforderungen es gibt.
Die Schwierigkeit, das Σ+-Baryon in Hochenergie-Kollisionsexperimenten zu
rekonstruieren, spiegelt sich in der geringen Zahl an früheren Messungen wider
und wird einen erheblichen Teil dieser Arbeit einnehmen. Neben den Ergeb-
nissen, welche mit den verfügbaren Daten erhalten wurden, sind die Methoden,
welche im Rahmen dieser Arbeit entwickelt wurden, hilfreich für die Messung
anderer Teilchen-Paare und die zukünftigen Daten.
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1 Introduction

1.1 Standard model of particle physics

Since ancient times, scientists and philosophers have been trying to uncover the
nature of matter. Early on, the idea matured that all matter is composed of
finite, indivisible parts. However, those concepts remained intellectual games
until the beginning of the 20th century, when Rutherford discovered that matter
is composed of highly compact nuclei, themselves being composed of positively
charged nucleons, the protons, and neutral nucleons, the neutrons [24]. This
picture was refined by Bohr who proposed that the nuclei are orbited by elec-
trons with discrete energy levels, resulting in a model of the atom close to the
one we have today [25]. Not much later, in the 1950s, the invention of new ex-
perimental techniques has led to the discovery of a whole “zoo”1 of particles and
thus established the field of particle physics [9]. It quickly became clear that
those particles could not all be elementary, but have an underlying structure.
This was resolved in 1964 when Gell-Mann [27] and Zweig [28] independently
proposed 3 fermionic elementary particles, the quarks, organized in a SU(3)
symmetry. Only three years earlier, the symmetry was already introduced by
Gell-Mann and named the “Eightfold Way” [29]. These quarks were the up
and down quarks from which the nucleons are composed of and whose names
originated from the existing isospin formalism [30]. The third was the strange
quark whose name is related to the “strange” observation that hadrons con-
taining these quarks lived more than 10 orders of magnitude longer than other
decaying hadrons, indicating that these carry new quantum numbers.
Building on these early findings, the standard model of particle physics de-
scribes all known elementary particles and their interactions [31]. The particles
of the standard model are depicted in Fig. 1.1.

1The term “zoo” was reportedly first used in this regard by Oppenheimer in 1956 at the 6th Annual Conference
on High Energy Nuclear Physics in Rochester [26].
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Figure 1.1: The elementary particles of the standard model of particle physics. Figure from
Ref. [32].

The standard model [31] comprises six quarks with the so-called “flavors” up (u),
down (d), charm (c), strange (s), top (t), and bottom (b), arranged in three gen-
erations. All quarks are fermions, i.e. carry a spin of ~/2. The u, c, and t

quarks carry an electric charge of +2/3e, while the other quarks carry -1/3e. All
quarks have a baryon number of 1/3. Each generation also contains a charged
and a neutral fermionic lepton. The charged leptons are the electron (e−),
the muon (µ−), and the tauon (τ−), the neutral leptons are the corresponding
neutrinos (νe, νµ, ντ). All of the above particles also have anti-particles with
opposite quantum numbers.
Alongside, the standard model contains four kinds of gauge bosons which serve
as force carriers within the quantum field theory (QFT) [33], giving rise to the
three fundamental forces, the electromagnetic, the weak, and the strong force.
Only the gravitational force - even though possibly mediated by the hypothet-
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ical gravition - is not part of the standard model, as it is - according to general
opinion - a result of the curvature of space-time, which is described by the the-
ory of general relativity [34].
The gauge bosons are the photon for the electromagnetic interaction, the W
and Z bosons for the weak interaction, and the gluons for the strong interaction.
All gauge bosons are vector bosons carrying a spin of ~.
In addition, the standard model recognizes the scalar (spinless) Higgs-boson as
the quantum excitation of the Higgs field, which gives all particles their rest
mass through the Higgs mechanism [35].

1.1.1 Quantum chromodynamics

The introduction of the quark model brought order into the system of particles,
but has also raised the question why the quarks themselves were not observed.
Another important aspect was how a nucleon containing 3 fermionic quarks
could satisfy the Pauli exclusion principle, which requires the total wave func-
tion of a set of fermions to be antisymmetric under the exchange of two particles.
This could be resolved by the introduction of an additional degree of freedom,
a triplet of “colors”. This concept was first postulated by Han and Nambu
in 1965 [36] and later refined by Bardeen, Fritzsch, and Gell-Mann [37]. These
colors act at the same time as the charge of the strong interaction. Quarks
carry one of the colors red (r), green (g), or blue (b), while anti-quarks carry the
corresponding anti-colors. While these colors are completely unrelated to the
colors in an optical sense, the similarity to the color theory eases the human
perception; a set of quarks can become color-neutral (“white”) either by com-
bining 3 (anti-)quarks forming a (anti-)baryon or by combining a quark and an
anti-quark forming a meson.
The strong interaction differs from the other fundamental interactions in a very
important aspect, which is that the mediators, the gluons, themselves carry
the charge of the interaction. The gluons carry a combination of a color and
an anti-color. Thus, they do not only mediate the strong interaction, but also
participate in it. This has the crucial consequence that the field lines between
color charges are pulled together as a result of the gluon self-interaction, result-
ing in a dense flux tube called string. The string can be pictured as a rubber
band under tension. The string tension is often reported with a value of around
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1 GeV/fm [38]. When quarks are pulled apart, the energy stored in the string
increases until it is sufficiently large that a quark–anti-quark pair, emerging
from the vacuum, can become on-shell, resulting in a breaking of the string
and a restoration of color-neutrality at both ends. This easily explains the im-
possibility to remove a single quark from a hadron and observe color-charged
particles directly, which is called confinement.
The quantum field theory which theoretically describes the strong interaction
is quantum chromodynamics (QCD) [39, 40]. It is a Yang-Mills theory, i.e. it
is based on the SU(3) gauge symmetry group, which is non-abelian, meaning
that the multiplication of group elements is generally not commutative [41].
As a consequence, the QCD Lagrangian contains terms that are responsible
for the gluon self-interaction. The strong coupling constant αs, which defines
the strength of the strong interaction, is, as the consequence of the gluon self-
interaction, far from constant, but strongly depends on the momentum trans-
fer [39, 40]. This so-called running coupling is depicted in Fig. 1.2.

Figure 1.2: Strong coupling constant αS as a function of the momentum transfer Q. At small
energies the coupling constant diverges, while it vanishes at high energies [39, 40].
Figure from Ref. [42].

In the low-energy regime, αs is large, which leads to the confinement. At small
distances or, correspondingly, large energies, αs, in turn, vanishes, resulting in
the so-called asymptotic freedom [39, 40] at which quarks can move as if they
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would be free. This is the exactly opposite behavior than in the other funda-
mental interactions where particles are asymptotically free at large distances.
Like most field theories, QCD cannot be solved in an exact way, but requires
appropriate approximations to be dealt with [39]. Generally, this is aggravated
by the large coupling constant. At large energies where αs is small, QCD can
be treated using perturbation theory [43]. The solutions are expanded in a per-
turbation series in powers of the coupling constant. The terms of this series
can be visualized in terms of Feynman diagrams [44]. Since the coupling con-
stant enters at every vertex, the series rapidly converges if αs ≪ 1 and thus,
can be truncated at some point. At low energies, however, the series diverges
and the perturbative approach breaks down. In this regime, effective field the-
ories [45, 46] have been found useful which limit the degrees of freedom to the
relevant ones by averaging over the substructure of the underlying theory, re-
sulting in an approximate but simpler model at the desired length scale. With
the availability of large-scale computers, it has also become possible to approx-
imate solutions numerically using lattice QCD [47]. There, the space time is
discretized by placing the quarks on a finite lattice, which ultimately makes the
required path integrals solvable analytically; at the price of very high compu-
tational cost. While lattice QCD has now entered the era of precision, it still
lacks applicability at low temperatures and high densities due to the emergence
of a numerical sign problem [48].

1.1.2 Quark-gluon plasma

The running coupling implies that, given sufficiently large temperature or pres-
sure, a quark-gluon plasma (QGP) can be created, which is a state in which the
quarks and gluons are deconfined [49–51]. Such conditions can be prepared in
the laboratory by colliding (heavy) ions at relativistic velocities, which allows
to study the created medium experimentally [52, 53]. The phase diagram of
QCD matter is typically expressed in terms of the baryo-chemical potential2

µB and the temperature T [54, 55]. It is sketched in Fig. 1.3.
Most features of the QCD phase diagram are conjectured [55]. Lattice sim-
ulations can be used to study the region of high temperature and vanishing

2The baryo-chemical potential is the energy needed to add one additional baryon to the system and is a
measure for the baryon to anti-baryon ratio, i.e. the net-baryon content. At LHC energies µB is close to
zero.
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Figure 1.3: Conjectured phase diagram of QCD matter as a function of the baryo-chemical
potential µB and the temperature T . At high energies, as found at the LHC, the
high T , low µB part of the phase diagram is probed. The diagram also shows a
conjectured critical endpoint as well as a color-superconducting phase, neither of
which has yet been established. Figure from Ref. [56].

baryo-chemical potential [57]. It is found that the entropy increases rapidly, yet
smoothly, with temperature around a critical temperature, which is related to
the emerging degrees of freedom. The critical temperature is extracted from
the peak of the chiral susceptibility and is found to be 156.5 MeV, known to
a precision below 1% [58]. The smooth behavior implies a cross-over transition
at small baryo-chemical potentials. In contrast, a first order phase transition is
expected at high µB. Yet this implies the existence of a critical endpoint. Up
to now, the position of such a point is not established [54, 55]. Lattice simula-
tions cannot extend to the region of real and non-zero µB due to a numerical
sign-problem and solely rely on extrapolations to access this region. Therefore
it is necessary to explore the QCD phase diagram experimentally. Depending
on the beam energy, different regions of the phase diagram are probed. Within
beam energy scans (BES), the collision energy is varied in the search of critical
phenomena [59]. These can express in increased fluctuations, for instance in
the net-baryon number. In the absence of critical fluctuations, the net-baryon
number is normally distributed. As Gaussian distributions only have two non-
zero moments, higher order cumulants of the net-baryon number are a hint of
criticality [60, 61].
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ALI-PUB-106878

Figure 1.4: Ratio of the integrated yields
of various strange hadrons to
pions as a function of the
multiplicity. Several model
predictions are also shown.
PYTHIA 8 [62] (solid lines)
fails to describe the data, pre-
dicting almost no multiplicity
dependence. EPOS LHC [63]
captures the trend of the data,
but overestimates the slope.
In contrast, DIPSY [64] de-
scribes the data very well, only
compromising on the triple
strange Ω baryons. Figure
from Ref. [10].

However, the magnitude of such cumu-
lants and whether they are detectable in
the final state at all are still open ques-
tions. Since the QGP can only be ob-
served indirectly, no definite proof of its
creation is at hand. However, evidence
is provided by several observations, hint-
ing towards deconfinement. These include
for instance an extremely large stopping
power of highly energetic partons, known
as jet quenching [65] or a hydrodynami-
cal behavior [66] of the medium. Inter-
estingly, such observations cannot only
be made in heavy-ion collisions, but also
in small systems like proton-proton (pp)
collisions. This could mean that either
a QGP could also be formed in such
systems or that the observables are not
unique features of the QGP. An example
for such a misconception is the enhance-
ment of the production of strange hadrons
with increasing multiplicity, which was
earlier proposed as a signature of decon-
finement [67]. Conceptually, the lower in-
medium mass of the strange quark would
lead to an increased thermal production.
However, the enhancement of strangeness
is now seen as a lifting of the canoni-
cal suppression with increasing multiplic-
ity and, in fact, a smooth transition across
multiple collision systems is observed as
seen in Fig. 1.4. Another important sig-
nature of deconfinement is the grouping
of baryons and mesons in the v2 flow com-
ponent, which can be explained by quark coalescence [68, 69]. The splitting
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emerges at high multiplicities also in pp collisions, indicating that small bub-
bles of deconfined matter might also be present in high-multiplicity elementary
collisions [70].

1.2 Particle production

In order to obtain information about the created medium and the processes
from which the particles are produced, the experimentally accessible momen-
tum spectra have to be related to the quantities of interest through theoretical
calculations. Particle momentum spectra and their comparison in various col-
lision systems can thereby provide valuable insight to the medium properties
and the dynamical evolution of heavy-ion collisions [71].
From the theoretical point of view, the description of hadronic collisions is
challenging for the reasons discussed in the previous sections. Quarks and
gluons are color-charged objects, and thus a hadronic collision is governed by
the strong interaction and resident in the QCD. Both the high- and the low-
energy regimes contribute to the particle production during the evolution of
the collision. Therefore, a complete calculation of the ongoing processes from
the incoming projectiles to the outgoing hadrons remains impossible. However,
statistical and phenomenological methods are at hand which are capable of de-
scribing the production of particles successfully. These will be described in the
following.

1.2.1 Statistical hadronization model

Before introducing the statistical approach to hadronization, one has to recall
the basic concepts of thermodynamics and statistical physics [72]. One may
consider a system of N particles, each having certain degrees of freedom. The
laws of mechanics or quantum mechanics allow to derive the equations of mo-
tion of each individual particle. However, in reality one is often faced with
systems containing an amount of particles in the order of the Avogadro con-
stant, i.e. NA ≈ 1023 particles. In these cases, it is neither possible nor fruitful
to consider each particle individually. If the particles are able to interact with
each other, they will undergo random scattering processes, blurring their ini-
tial information. Given sufficient time, the system will reach a thermodynamic
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equilibrium which is characterized by a maximized entropy [72]. In equilibrium,
the system may be fully described by global quantities, such as temperature,
which effectively average over the microscopic degrees of freedom.
The properties of a system in thermodynamic equilibrium can be expressed in
terms of a partition function, which is a function of certain state variables,
e.g. the temperature T . Other thermodynamic quantities can be expressed as
derivatives of the partition function. The partition function is calculated with
respect to a certain statistical ensemble, each of which might be appropriate
for the system under study. Often, three distinct ensembles are considered.
The micro canonical ensemble corresponds to an isolated system in which the
volume, the number of particles, and the energy are conserved exactly. The
canonical ensemble corresponds to a closed system where again the volume and
the number of particles is conserved, but the system is in contact and in equi-
librium with a surrounding heat bath, and thus the energy can change. Finally,
the grand-canonical ensemble corresponds to an open system where in addition
to the energy also the number of particles can change. In this case, each particle
species is given a chemical potential µi, which corresponds to the energy needed
to add one additional particle to the system [73].
The probability to find the system in a certain microstate with the energy E

is proportional to the Boltzmann factor exp
(

− E
kBT

)

where kB is the Boltz-

mann constant, which relates the temperature T and the energy E [72]. In the
statistical picture, the partition function can easily be understood as the nor-
malization constant of the Boltzmann distribution. Naturally, the sum over the
probabilities of all possible microstates must equal unity.
The idea to describe the particle production in hadronic collisions using statis-
tical methods grew very early and dates back to Hagedorn who tried to model
the data from the Proton Synchrotron at CERN in the early 1960s [74]. In
the statistical hadronization model (SHM), the matter is described as an ideal
gas of hadrons and resonances (HRG), which is assumed to be in thermal and
chemical equilibrium [75]. Thermal models have been found to be very success-
ful in describing such data [76–78].
The success of a thermal treatment of hadronic collisions might seem surpris-
ing, considering the fundamental assumption discussed earlier. In a macroscopic
system, the number of particles is virtually infinite. On the contrary, the num-
ber of particles might be in the order of a few thousand in a central heavy-ion
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collision like lead-lead (Pb–Pb), while in a proton-proton collision this number
might be as small as 10 or less per unit in rapidity [79]. In such a small system,
one may doubt if the system is able to reach thermal equilibrium or if one can
even speak about a temperature. However, apparently at least partial equi-
librium can be reached, which reflects in the fact that the thermal description
produces useful results [80].
The aforementioned statistical hadronization model treats the system as a
grand-canonical ensemble where the charges are only conserved on average.
This might not be appropriate if the number of particles carrying a certain con-
served charge is small, which gives rise to the canonical statistical hadronization
model (CSM) [80, 81]. In the CSM, the quantum numbers of interest, i.e. elec-
trical charge, baryon number, and strangeness are conserved exactly within a
certain correlation volume Vc. It is well possible to treat only selected charges
canonically and preserve the grand-canonical treatment for the others.
The exact conservation of charges drives the so-called canonical suppression in
small systems, which lowers the yields of particles carrying those charges. In
the minimal version of the CSM which was applied to LHC data, referred to
as vanilla CSM, it is assumed that both chemical and thermal equilibrium are
reached and that the temperature at the chemical freeze-out is 155 MeV inde-
pendent of the multiplicity [80]. The description of particle ratios by the vanilla
CSM as a function of the multiplicity is only reasonable, but it completely fails
in the φ/π ratio where it predicts the opposite trend as observed in data [80].
It is worth to note that the φ meson is a particularly sensitive probe; since it
is neutral in all three charges and feed-down from charged particles is absent,
it is not affected by canonical effects. The observed discrepancy can be cured
by two modifications to the aforementioned model. Firstly, a multiplicity de-
pendence of the temperature is introduced. It is found that smaller systems
have a higher temperature at freeze-out, which is related to the shorter lifetime
of small systems. Secondly, the so-called strangeness (under-)saturation factor
γs is introduced, which incorporates the possible incomplete equilibration of
strangeness at the chemical freeze-out. The model employing these modifica-
tions is therefore referred to as the γsCSM model [80].
The strangeness saturation factor is also multiplicity dependent. It affects
strange quarks and anti-quarks in a likewise fashion and is thus capable of
explaining the observed suppression of the φ meson at low multiplicities. The
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multiplicity dependence of the temperature and γs is obtained by fitting to
data, i.e. pp, p–Pb, and Pb–Pb collisions.
The results of the γsCSM model will be compared to the data measured in this
thesis in section 4.5.

Transverse momentum spectra

The models discussed before can provide integrated yields of particles, given
the medium properties. Often, one is also interested in their distribution in
phase space. This is of particular relevance, as it contains both thermal and
bulk properties of the expanding medium. In particular, the comparison of
transverse-momentum (pT) spectra in several collision systems can provide in-
sight to collective effects. Furthermore, particles can often only be measured in
certain regions of the phase space and appropriate extrapolations are required
to obtain the integrated yields. Such relations can be derived using again a
statistical approach. As discussed, the probability of finding a particle in a
state with the energy E is given by the Boltzmann factor. The energy of a
particle depends on its momentum p and its rest mass m. Conveniently, the
transverse mass mT =

√

m2 + p2
T can be introduced, which allows to write the

energy as E = mT cosh(y), where y is the rapidity. With this, one finds for the
pT differential yield [82, 83]

dN

dpT
∝ pTmT

∫ ymax

ymin

dy cosh(y) ×


exp





mT cosh(y) − µ

T



 + S





−1

(1.1)

where T is the temperature and µ is the chemical potential. The factor S is 0
for the Maxwell-Boltzmann, 1 for the Fermi-Dirac and -1 for the Bose-Einstein
statistics [82]. The Maxwell-Boltzmann statistics is appropriate at sufficiently
large temperatures. At lower temperatures, the Fermi-Dirac or Bose-Einstein
statistics may be used, depending on the spin of the involved hadrons. At LHC
energies, the baryo-chemical potential µB is close to zero. Integrating over the
rapidity, one obtains the modified Bessel function K1. One may also note that
cosh(y) ≈ 1 for y ≪ 1, which gives rise to a simple mT scaling in the vicinity
of mid-rapidity (y = 0). At very high momenta, the mT scaling converges to a
pT scaling, since mT ≈ pT for pT ≫ m.
The aforementioned equations hold true for a stationary thermal source without
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resonances. In the experiments, sizeable disagreement from such a scenario has
been found, which has lead to the development of more sophisticated models.
Generally, when a system transitions from a deconfined to a confined state,
two distinct so-called freeze-outs occur. The first one is the chemical freeze-
out at which all inelastic reactions cease and the chemical composition is fixed.
One may note that decays can still occur after this point and alter the parti-
cle composition. The second is the kinetic freeze-out at which also the elastic
interactions cease and the particles’ momenta are fixed. Evidently, these two
freeze-outs can occur at different times. This allows the system to continue
a hydrodynamical evolution after the chemical freeze-out, which is imprinted
on the spectra as radial flow. The Boltzmann-Gibbs Blast-Wave (BGBW)
model [84, 85] mimics this behavior by assuming a thermal source in local ther-
mal equilibrium, flowing outwards with a radius-dependent velocity profile β(r).
Particularly in small systems like pp collisions, another modification is required.
For this, one has to recall that the number of particles in a hadronic collision
is much smaller than the Avogadro number and that long-range correlations
are present, which leads to a non-extensitivity of the entropy. A generalization
of the entropy was brought forward by Tsallis in 1988, which introduces an
additional free parameter q to the standard Boltzmann-Gibbs entropy to ac-
count for the amount of non-extensitivity [86]. The parameter is related to the
temperature variance of the system. The corresponding entropy is the Tsallis-
entropy Sq, which is given by Sq = −k∑i p

q
i lnq(pi). It converges to the well

known Boltzmann-Gibbs entropy for q = 1. Using this entropy, the so-called
Lévy-Tsallis distribution can be derived, which is well suited to describe the
transverse momentum spectra in pp collisions as demonstrated in Ref. [87–90].
One finds [91, 92]

dN

dpT
∝ pTmT

∫ ymax

ymin

dy cosh(y) ×


1 + (q − 1)
mT cosh(y) − µ

T





q/(q−1)

(1.2)

which converges3 to Eq. (1.1) for q = 1.
A combination with the blast wave approach is also present which is known as
the Tsallis Blast-Wave (TBW) model [93].

3One may note that limq→1(1 + (q − 1) · x)q/(1−q) = e−x.
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1.2.2 Monte Carlo generators

While thermal model calculations are very successful, the statistical nature of
these models only allows to make statements about the average production of
particles. The same holds for their distribution in the phase space.
To study hadronic collisions on an event-by-event basis, so-called event gen-
erators have been developed which generate collisions fully differentially in all
relevant quantities. Since the processes are random in nature, event generators
employ Monte Carlo (MC) methods [94] based on pseudo-random numbers to
sample the underlying processes. As already elaborated, the processes which are
resident in the QCD cannot be solved analytically and thus, event generators
rely on effective or phenomenological models and the separation of pertubative
and non-perturbative scales.
Common generators employing these principles are PYTHIA [62, 95] and
EPOS [63, 96–99], which will be compared to data in section 4.6. One may
note that these models are very sophisticated and a complete introduction is
therefore far beyond the scope of this thesis. Nonetheless, a brief yet compre-
hensive overview shall be given in this section, mostly based on the extensive
elaboration of the PYTHIA collaboration given in Ref. [62].
Roughly, one can divide the collision of high-energy particles into two domains,
a pertubative and a non-pertubative. While the pertubative part can be cal-
culated rigorously from first principles, the non-pertubative one relies on phe-
nomenological approximations, which require numerous input parameters that
need to be tuned to data [62].
The two domains are connected by the concept of factorization, which builds
on separating the non-perturbative physics of the incident nucleons from the
perturbative physics of the parton scattering at the so-called factorization scale,
which corresponds to the spatial resolution at which the nucleons are probed,
determined by the momentum transfer [62]. Then, the cross section of the
nucleon–nucleon (N–N) scattering is given by a convolution of the parton dis-
tribution functions (PDFs) of the nucleons and the cross sections of the elemen-
tary parton–parton scatterings.
The PDFs thereby correspond to the longitudinal momentum distributions of
the partons within the nucleons [100]. At low energies, essentially the three
valence quarks are visible, while at high energy the true quantum-mechanical
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nature of the nucleons becomes apparent by the emergence of numerous virtual
sea quarks. It may also be noted that the PDFs cannot be computed theoreti-
cally, but must be determined experimentally [39, 40].
The differential cross section of the hard scattering of two partons into a final
state is proportional to the square of the corresponding matrix element. Since
the momentum transfer is large, αs is small and thus, the matrix element can
be calculated pertubatively as discussed in section 1.1.1.
A finite number of processes is implemented to determine the partonic cross
section. PYTHIA 8 for instance considers 2→2 and 2→3 processes of light
quarks and gluons, the 2→2 production of heavy quarks as well as electroweak
processes like the production of prompt or virtual photons, the production of
weak gauge bosons and parton–photon or photon–photon collisions. Addition-
ally, also top quarks and Higgs bosons may be produced [62].
The physical truth is in fact more complex as the produced hadrons will them-
selves radiate partons and photons in a cascade-like topology called shower.
Nonetheless, event generators are still capable of reproducing many physical
processes very well. As the particles become increasingly soft, a complete per-
turbative description is often not possible. Instead, numerous implementations
exist to simulate the ongoing processes by introducing probabilities of particle
emissions. The resulting amount of outgoing partons is numerous and can be
of the order of 100 in a single proton-proton collision [62]. At the cut-off scale,
the partons are finally subject to hadronization.
Hadronization is the formation of color-neutral hadrons from deconfined par-
tons. This is the natural consequence of the evolution of a system which ex-
pands and cools down and thereby transitions from the regime of asymptotic
freedom back to the regime of confinement. As discussed, there is no exact
theoretical description for the process of hadronization. However, phenomeno-
logical models are employed successfully, typically based on string or cluster
hadronization [101, 102]. Both PYTHIA and EPOS event generators use the
Lund model [101], which is based on string fragmentation and will be discussed
in the following.
In the Lund model, each color dipole is treated as a string. As the quarks move
apart, energy is transferred to the string, increasing its tension. Hadrons are
produced by the consecutive breaking of the strings as touched in section 1.1.1.
The strings break until the energy is consumed and the remaining string frag-
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ments are identified as hadrons. The breaking of the strings occurs by the
emergence of virtual quark–anti-quark pairs. Due to the conservation of en-
ergy, massive quarks are thereby produced off-shell and need to absorb energy
from the string to become on-shell. The quark pair produced at a common ver-
tex therefore needs to tunnel a distance given by the mass divided by the string
tension. The tunneling probability leads to a suppression of strange quarks and
the non-occurrence of heavy-quark string breaks [62].
The pure quark–anti-quark string break produces ground-state mesons only.
In fact, the majority of produced particles in ultrarelativistic hadronic colli-
sions are mesons. However, a satisfactory description requires a method of
baryonization, i.e. the creation of baryons, which is not obvious in the string-
breaking picture. Therefore, double string breaks are allowed, which produce
a diquark–anti-diquark pair simultaneously, allowing the formation of baryons.
Due to the double mass, this process is also suppressed by the tunneling prob-
ability.
Since the diquark mechanism leads to highly correlated baryon–anti-baryon
pairs, further string breaks and thus meson production is allowed in between
the diquark pairs, which is referred to as the popcorn mechanism [103]. In
PYTHIA, currently only one intermediate meson is allowed [62].
One may note that in all previously discussed processes, the concept of color
has not yet been touched. In fact, the assignment and flow of colors is typically
treated in a simplified way by considering the limit of infinite colors, the so-
called leading color (LC) approximation [62]. This means that a color singlet
created in a hard scattering is unique and can be traced through the full evolu-
tion of the system, i.e. every color dipole created in the initial state results in a
string fragment. This means that quark–anti-quark pairs, which do not belong
to the same color singlet, so-called LC-unconnected pairs, are unable to form
a meson even if they were close in phase space. This is, however, unphysical
as quarks can change color by the exchange of gluons. In the LC picture this
is handled by the so-called color reconnection (CR) mechanism, which models
this behavior [62]. Experimentally, the effect of the color reconnection can be
seen for instance in the production yield of J/ψ, which can only be described
by PYTHIA when color reconnection is enabled [104].
Most of the produced hadrons are unstable and decay into other particles. The
decays are also simulated using the known lifetimes and decay channels listed
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by the particle data group (PDG) [9]. The non-trivial phase space distribution
of the daughters is thereby handled by specialized tools [105].
The final output is simply a list of particles containing their identity, position,
momentum, as well as their production history. This can be used directly or be
fed into other algorithms to simulate the interactions of the produced particles
with matter or detectors. This will be elaborated in section 4.2.
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1.3 Particle interactions

The previous sections introduced the quarks and gluons as the carriers of the
color charge and QCD as the fundamental theory of the strong interaction be-
tween them. This section shall now focus on the interactions among baryons.
In particular, the p–Σ+ system will be discussed as this is the system under
study in this thesis.
In the following, the theoretical as well as the experimental perspective of the
study of the interactions between baryons will be briefly reviewed. Subse-
quently, the implications for neutron stars will be discussed and the method
of femtoscopy will be introduced.

1.3.1 Theoretical treatment

From the viewpoint of the strong force, all quarks are equal, implying an ex-
act flavor symmetry. However, since the quarks have different masses, the
symmetry is broken. For the three lightest quarks, however, the symmetry is
approximately fulfilled, which is mathematically formulated in terms of the spe-
cial unitary (SU) group. The JP = 1/2+ baryons can be organized in an octet,
which is a representation of the underlying SU(3) group [29]. Since the theory
is not exact, the eight baryons have similar, but different masses [9].
Similarly, group theory is used to construct pairs of baryons to study their
interactions. If one expresses the baryon octet in a matrix representation, all
combinations of two of those octets can be constructed by their Kronecker prod-
uct [106]. The resulting combinations can be decomposed into six multiplets,
which are so-called irreducible representations (irreps). One finds [106, 107]

8 ⊗ 8 = 27 ⊕ 10 ⊕ 10 ⊕ 8a ⊕ 8s ⊕ 1. (1.3)

The 27-plet, the singlet and one of the octets are symmetric, while the others
are antisymmetric. The symmetry properties restrict the allowed partial waves
due to the Pauli principle, which requires the total wave function to be anti-
symmetric. One can consider the irreps as base vectors of a six-dimensional
abstract vector space, such that any two-particle wave function (of baryons
from the octet) can be written in terms of a linear combination of the wave
functions of the given multiplets [107]. Depending on the quantum numbers of
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the pair, certain multiplets contribute to their interaction.
The decomposition into the multiplets is practical as it allows to relate the
interactions between the octet baryons to one another within the limits of the
SU(3) flavor symmetry. A good example is the p–Σ+ system, which is a pure
isospin I = 3/2 state. Using the above mentioned space-spin symmetry proper-
ties, this implies that in the S-wave, the triplet state is only represented by the
10-plet and the singlet by the 27-plet [20]. The latter, the 27-plet, is related to
the well known N–N interaction, which also resides in the 27-plet for I = 1. The
arrangement of the aforementioned multiplets is listed in Tab. 1.1 for systems
with strangeness content 0 and -1.
If the SU(3) flavor symmetry was exact, both interactions of the 27-plet would
be identical. Even though there is sizeable symmetry breaking [21], one can
still make use of the relation to constrain the less-known N–Σ interaction, as
explained in section 1.3.2. If sufficient data is available, a comparison of the
27-plet contributions from the N–N and N–Σ systems can shed light on the
exact strength of the symmetry breaking.

channel spin-parity

baryon pair strangeness isospin singlet-even/triplet-odd triplet-even/singlet-odd

N–N 0 0 - (10)

N–N 0 1 (27) -

N–Λ 1 1/2 1√
10

[(8s) + 3(27)]
1√
2
[−(8a) + (10)]

N–Σ 1 1/2 1√
10

[3(8s) − (27)]
1√
2
[(8a) + (10)]

N–Σ 1 3/2 (27) (10)

Table 1.1: Association of the multiplets (Eq. (1.3)) to the baryon–baryon channels with
strangeness content 0 and -1. The multiplets are written in brackets to distinguish
them from the prefactors. The normalization factors arise from the fact that the
multiplets are base vectors and are thus added quadratically. Singlet channels have
spin s = 0 and triplet channels s = 1. The parity is given by (−1)L with L being
the angular momentum. It is 1 for even and -1 for odd values of L. Relations taken
from Ref. [20].

The interactions between baryons are fundamentally described by the theory
of QCD. Their properties can, however, not be derived from QCD directly due
to the challenges discussed in section 1.1.1, but it can be approached with the
methods discussed there. The two general approaches either rely on numerical
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simulations performed on a discrete lattice [47], or on effective theories [45, 46],
which can be solved perturbatively.
Lattice simulations are a valuable tool, but still struggle with physical quark
masses, as this is computationally costly. However, unphysical quark masses
are an issue, particularly in the nucleon sector [108]. This has lead to a certain
mismatch between theory and experiment where heavy systems like Ξ − Ξ can
be accessed through the lattice, but not experimentally, and vice versa for light
systems. However, with ongoing advances in the computational performance,
lattice simulations will at some point be capable to describe also the N–N sector
with good precision.
Apart from this, effective theories reduce the degrees of freedom in order to
allow perturbative calculations. This can be accomplished by introducing mas-
sive mediators as degrees of freedom. It is worth to note that this concept was
already introduced in 1935 by Hideki Yukawa [109], decades before the quark
model was established [29]. From the range of the interaction among nucleons,
he concluded that the mediator particles had to be roughly 200 times heavier
than the electron. Only later this particle was understood as the pion. Con-
sequently, the interaction between nucleons can be interpreted as the exchange
of a quark–anti-quark pair from the sea-quarks.
Meanwhile, very sophisticated models have been developed with numerous pa-
rameters, including several different mesons. The different approaches differ
mainly in the treatment of the short-range part of the interaction. In the
so-called meson-exchange models, this is described by the exchange of heavy
mesons. This concept is adopted by various models from Jülich and Nijmegen,
e.g. Jülich04 [110] and the Nijmegen soft-core models (NSC), e.g. NSC97f [111].
Furthermore, the Nijmegen extended soft-core models (ESC) [112], e.g.
ESC16 [113], additionally employ the exchange of gluonic mediators, so-called
pomerons, to introduce repulsion.
On the other hand, the so-called constituent quark models (e.g. FSS [114] and its
successor fss2 [115, 116]) handle the short-range part of the interaction by explic-
itly taking into account the colors of the quarks and their anti-symmetrization.
This is a major difference, as the other effective models completely neglect the
quark degrees of freedom, considering only the composite hadrons. Due to
the Pauli principle, a rather strong repulsion naturally emerges in the triplet
channel of the N–Σ (I = 3/2) system [115, 116], which is strongest among the
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models considered in this thesis (see Tab. 1.2).
Finally, chiral effective field theory (χEFT) approaches the perturbative ex-
pansion systematically by a power counting scheme [117, 118], which allows
to evaluate the calculation at the desired order and thus precision [119, 120].
There, the short-range interaction is included by contact terms, containing so-
called low-energy constants (LECs), which need to be fitted to data. Results of
this approach are available up to next-to-next-to-leading order (N2LO) [121].
In this thesis, the calculations at NLO will be used to compare with, no-
tably NLO19 [122], as it was also compared to the latest scattering data (see
Fig. 1.5). A chiral calculation, which simulates the behavior of the constituent
quark model fss2 and reproduces its scattering parameters quite closely, is also
available under the name NLO(sim) [123]. Concerning the chiral effective field
theory calculations, one may note that in the original version of NLO19, a
very slow convergence of the correlation function to unity was observed. Even
above 300 MeV/c in k∗, a region where the normalization of the data is typi-
cally performed, the theoretical correlation function differed considerably from
unity. A careful investigation found that the slow convergence was caused by
a non-local momentum cut-off that was used in the meson exchange. In this
regard, “non-local” means that the potential in the momentum space does not
only depend on the relative momentum of the particles in the initial and the
final state, but also on the individual momenta. Translated into the position
space by a Fourier transform, the potential does then not only depend on the
distance between the particles. In the chiral expansion this is the case for the
contact terms. A more recent calculation which uses a semi-local momentum
space (SMS) regularization [121, 124] does not exhibit this behavior and con-
verges as expected. To allow for a comparison, the model parameters were
tuned to reproduce the scattering parameters of NLO194 [125]. This version of
the calculation will be referred to as “SMS NLO (NLO19)” in the following,
while for the original model “NLO19” will be used. For NLO(sim), the SMS
version will be referred to as “SMS NLO(sim)”.
It must be noted that meanwhile also results from the lattice are available
in the Y-N sector. While these results look promising, the used pion masses

4It must be noted that the SMS NLO model [121, 124] is an independent fit to the available data and was only
retuned to reproduce the S-wave scattering parameters of NLO19 [122]. The behavior at higher momenta
also depends on the higher partial waves, which differ significantly. For a comparison see Ref. [121].
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are still unphysical and there are still sizeable uncertainties, resulting in a dis-
crepancy of the obtained phase shifts and potential depths compared to other
models [126, 127].

While all of the above approaches generally describe the N–N and Y–N in-
teractions reasonably well, there are of course differences, mainly related to the
different treatment of the short-range interactions. One may also note that all
models have free parameters that need to be fitted to data. Thus, later models
could already profit from the growing body of experimental data. Tab. 1.2 is a
non-exhaustive list of model calculations, comprising the scattering parameters
of the p–Σ+ interaction as well as the year the model was published, which
can be compared to those of the p–Σ+ scattering experiments, particularly
E251 [128], E289 [129] and E40 [20], which will be discussed in section 1.3.2.

Model Nagels73 NSC97f fss2 Jülich04 ESC16 NLO19 NLO(sim)
Ref. [130] [111, 131] [115, 116] [110] [113, 123] [122] [123]
Year 1973 1997 2001 2004 2016 2019 2021
as (fm) -2.42 -4.35 -2.28 -3.60 -4.30 -3.62 -2.39
rs (fm) 3.41 3.16 4.68 3.24 3.25 3.50 4.61
at (fm) 0.71 -0.25 0.83 0.31 0.57 0.47 0.80
rt (fm) -0.78 28.9 -1.52 -12.20 -3.11 -5.77 -1.25

Table 1.2: Scattering parameters of the p–Σ+ interaction from selected models, sorted by the
year of the first publication. It must be noted that in some models the values
were updated later, in which case the latest values are given in the table. For fss2,
the given values are from 2007. For NSC97f and Jülich04 the effective ranges were
reevaluated with updated particle masses and published in a different reference [122].
In the table the updated values are given. Uncertainties are only given for the singlet
of Nagels73 and are quoted as 0.3 fm for both the scattering length and the effective
range.

Looking at the singlet, one may note that all models predict an attractive in-
teraction in this channel. As discussed, this channel is related to the N–N and
the N–Λ interactions via the 27-plet and is thus much better constrained than
the triplet. Still, one can see that even the singlet scattering lengths show quite
some divergence, ranging from -2.28 fm (fss2) to -4.35 fm (NSC97f), thus dif-
fering by almost a factor of 2. Here, one has to keep in mind that the relation
through the irreps is only valid assuming a perfectly fulfilled SU(3) flavor sym-
metry, which is, however, not the case, as there is a sizeable symmetry breaking
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also in the S-wave of p–Σ+ [21]. Moreover, fitting the model parameters to the
scattering cross sections constrains singlet and triplet at the same time. In case
of the singlet scattering length being around -4 fm, the cross sections are es-
sentially saturated [123], leaving little room for the triplet contribution, which
then takes values around 0.5 fm or less. In contrast, if one has more repul-
sion in the triplet, the singlet scattering length is significantly smaller, being
around -2 fm. Most strikingly, the NSC97f model predicts, in contrast to all
other models, attraction also in the triplet channel. This scenario is generally
disfavored by experimental observations, which will be discussed in the follow-
ing section. One may also note that the shallowness of the interaction leads to
the artefact of very large effective ranges, making the underlying effective range
expansion [132] less useful. This will be detailed in section 1.4.2.

1.3.2 Experimental studies

Experimentally, the interactions among baryons can be studied either by spec-
troscopy of bound states or by scattering experiments, both of which will be
discussed in the following.
While nucleons are readily available, hyperons have to be produced within the
experiment first. The short lifetimes of the hyperons complicate the measure-
ments. Generally, hyperons can either be produced in the hadronization of
hadronic collisions as already discussed or alternatively in so-called strangeness
exchange reactions. In such reactions, a secondary kaon beam is impinged on a
solid target, eventually producing a hyperon and an outgoing pion5 [133]. The
produced hyperon can then either scatter off, or be captured by, a surrounding
nucleus, which can then be studied.

Bound states

Nuclei are bound states of nucleons, while hypernuclei additionally contain one
or more hyperons. Spectroscopy of (hyper)nuclei can provide valuable informa-
tion about the interactions among the constituents. It must be noted that the
only established di-baryon is the well known deuteron, which, however, does
not have excited states due to its low binding energy [134]. Therefore, all nuclei
are many-body systems, incorporating both two- and many-body interactions,

5Alternatively a pion beam can be used, producing a hyperon and an outgoing kaon [128].
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which need to be considered. The importance of this aspect will be discussed
further in section 1.3.3 in the light of the neutron star hyperon puzzle.
The body of Λ hypernuclei data is incredibly rich [17], ranging from the
hypertriton [135], an extremely loosely bound state of a proton, a neutron, and
a Λ, to 208

Λ Pb, a lead nucleus containing a Λ. From this data, the N–Λ single par-
ticle potential can be extracted, which amounts to around -30 MeV [136, 137].
In the Σ sector, the situation is totally different due to the possibility of con-
versions of Σ to Λ hyperons within the nuclei. Therefore, hypernuclei with Σ
hyperons are, if existent, only quasi-bound states, resulting in additional ex-
perimental challenges in identifying them [138].
To the present day, only one Σ hypernucleus, 4

ΣHe, is found. This state was
already reported in 1989 [139]. In this experiment, K− produced in a primary
target were stopped in a liquid 4He target and the outgoing pions were mea-
sured. A bump is visible in the pion spectrum roughly 3 MeV below the Σ+

threshold. The bump only appears in the (K−, π−) reaction and is absent in
the (K−, π+) reaction. This was interpreted as an isospin dependence of the
N–Σ potential [139]. The (K−, π−) reaction produces both 1/2 and 3/2 isospin
states, while (K−, π+) only populates 3/2. This suggests that the observed
state had an isospin of 1/2. These results were challenged since the stopped
kaon reaction has several background contributions in the region of the bump,
making it difficult to draw definite conclusions. This was clarified in 1998 by
the E905 experiment at BNL [140]. There, the same reaction channels were
used, but instead of stopped kaons, the in-flight reaction was used with a kaon
momentum of 600 MeV/c, which is much simpler, both experimentally and
theoretically. The same isospin dependence was observed, with a clear peak
below the threshold in the (K−, π−) channel, indicating a binding energy of
roughly 4 MeV [140]. These findings are consistent with an earlier theoretical
prediction [141]. It was suggested that the N–Σ potential had an isoscalar, i.e.
isospin-independent contribution, which was repulsive, and an isovector contri-
bution, which was attractive in the isospin 1/2 channel and repulsive in the 3/2
channel. The isovector contribution is suppressed by the mass number, such
that the repulsive isoscalar contribution dominates in larger, isospin saturated
systems. This could explain why heavier Σ hypernuclei are experimentally not
observed [142]. In fact, the spectral shape was probed in the (π−,K+) reaction
on heavier targets, revealing the repulsive nature of the interaction between Σ
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baryons and nuclei [143].

Negatively charged hadrons can be electromagnetically bound to nuclei, forming
so-called hadronic atoms. This is also possible for the Σ−, providing an addi-
tional opportunity to study the interaction of Σ baryons with nucleons [144,
145]. When captured in a high atomic orbit, the Σ− will transition to lower
orbits under the emission of X-rays, which can be measured. The lower energy
levels are modified by the strong interaction due to the considerable overlap
of the orbits with the nucleus. One may, however, note that mainly the low-
density surface of the nuclei is probed and a model-dependent extrapolation is
required to obtain the values at nuclear saturation density [146]. Results from
heavy Σ− atoms like Pb point towards a repulsive N–Σ potential [147, 148], in
line with the aforementioned findings from hypernuclei.

Scattering

The scattering of particles is a very direct method of investigating the interac-
tion between the scattered particles. Conceptually, scattering differs from the
study of nuclei by probing the two-body interaction in vacuum, while in nuclei
many-body interactions are present and particles are probed at the nuclear sat-
uration density. By polarizing the incident particles, the spin dependence of the
interaction can be studied. Experimentally, the accessible quantity is the cross
section, differentially in the scattering angle and the energy or momentum.
Theoretically, the scattering can be approached by decomposing the scattering
amplitude with respect to the angular momentum in a partial-wave analysis,
allowing to relate the measured differential cross sections to the phase shifts.
From the data, the scattering parameters can eventually be computed, yielding
precise information about the interaction.
To perform scattering, it is typically necessary to prepare a beam and a target
of the particles under study. For nucleons as constituents of normal matter,
this is easily possible. Thus, a large body of data is available of N–N scatter-
ing, comprising several thousand data points6, both polarized and unpolarized,
contributing to a profound knowledge of the N–N interaction. In terms of the
SU(3) flavor symmetry, however, the N–N interaction only allows to access the

6For an overview one can refer to several publicly available data bases, for instance NN-Online [149] or
SAID [150]. The latter currently lists roughly 37000 data points of elastic N–N scattering.
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27-plet as well as one of the decuplets (10) (compare Eq. (1.3)). Thus, it is
unavoidable to extend the experimental studies to the strangeness sector to
complete the picture.
In the hyperon sector, the experimental situation is much more challenging.
Since hyperons have rather short lifetimes with decay lengths (cτ) no larger
than 7.9 cm (Λ) [9], it is impossible to build a target or even a beam out of
those particles. Nonetheless, hyperon–nucleon (Y–N) scattering is feasible and
several experiments have been performed [20, 128, 129, 151–155]. These experi-
ments rely on the in-flight production of the hyperon in a strangeness exchange
reaction using either a kaon or pion beam and a proton target. The produced
hyperons eventually scatter within the production target, decay, and their de-
cay products are subsequently measured.
The results on the p–Σ+ scattering will be discussed in the following in greater
detail, as it is the system under study in this thesis. The challenges for p–Σ+

scattering measurements are large, and thus, the available data is scarce and
has sizeable uncertainty [20, 128, 129, 154, 155], which underlines the impor-
tance of further measurements.
The first measurement of the p–Σ+ cross section was performed very early at the
CERN Proton Synchrotron in 1971 [154, 155]. In this experiment, the Saclay
Hydrogen Bubble Chamber was exposed to a K− beam, which was stopped
inside of the chamber. The experiment was not dedicated for the scattering
analysis, but it was intended to study rare decay channels of the produced hy-
perons. A reanalysis of the images, however, found 283 elastic scatterings of
Σ+ and even 1521 elastic scatterings of Σ−, which allowed to report the first
experimental N–Σ scattering cross sections [154, 155]. The kinematic range of
available Σ momenta was very narrow. This is due the fact that the kaons were
very low in momentum, such that the production of the Σ baryons essentially
occurred at rest. In this case, momentum conservation implies a momentum
of the Σ of 180 MeV/c [154, 155]. Towards lower momenta the particle tra-
jectories become increasingly short, imposing a limit of roughly 100 MeV/c to
be measurable. Since the statistics decreased towards low momenta, the first
measured bin starts at 140 MeV/c in the p–Σ+ channel, resulting in a total
of 4 bins for this channel. Even though the uncertainties are sizeable towards
low momenta, they are still compatible or even superior to later measurements
and additionally the kinematic region is unique, which explains why this data
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is still used for model comparisons today [122].

In the 1990s two closely related experiments were conducted at the KEK facil-
ity, namely E251 [128] and E289 [129] where E251 was the pilot experiment for
E289. In contrast to the bubble chamber experiment, these experiments were
dedicated to study Y–N scattering. E251 only analyzed the p–Σ+ channel,
while E289 also considered the p–Σ− and p–Λ channels. The setup differed sig-
nificantly from the bubble chamber experiment. First of all, the hyperons were
produced in the associate production using a pion beam. The outgoing kaon
was measured in a dedicated spectrometer. From the momenta of the pion and
the kaon, the momentum of the Σ could be calculated accurately. Furthermore,
an active target consisting of scintillating fibers was used, which served as the
production target, scattering target, and detection system at the same time.
The active target allowed to image the scattering processes in a similar fashion
as a bubble chamber. The major drawback was that the scintillating material
contained carbon atoms in addition to hydrogen atoms, which naturally posed
a major source of background. The accessible momentum region of the Σ+ was
300 to 600 MeV/c in E251 and 350 to 750 MeV/c in E289.
Despite the promising and dedicated setup, the accumulated statistics in the
p–Σ+ channel was disappointingly low, with only 11 identified scatterings
recorded by E251 and 31 by E289. Consequently, only 2 (4) data points of
the angle differential cross section could be measured by E251 (E289) and the
uncertainties are huge, making it almost impossible to draw any quantitative
conclusions from this data [128, 129].
The situation did not change until recently, with the E40 experiment [20] at
J-PARC. The E40 experiment was dedicated for Σ–p, investigating the Σ+–p
and Σ−–p channels. The experimental setup comprised several concepts of the
previous experiments. Again, a pion beam was used and the outgoing kaon
was measured in a dedicated spectrometer arm, allowing the computation of
the properties of the produced Σ. In contrast, however, a liquid hydrogen tar-
get was used, which is free of carbon contamination. To measure the outgoing
particles, the target was enveloped by several detectors, which allowed to track
and identify both the scattered protons and the decay daughters of the Σ. The
scatterings could thereby be identified by a kinematic consistency check. The
overall kinematics is complicated and will not be discussed in detail here. How-

43



Chapter 1. Introduction

ever, it is worth to note that even though the scattering cannot be imaged
directly, the system allowed to suppress background events by more than 90%,
while preserving a selection efficiency above 50%. This way, it was possible to
collect roughly 2400 Σ+–p scatterings within a Σ+ momentum region of 440 to
800 MeV/c, embodying the by far largest data set on this reaction [20]. The dif-
ferential cross section could be measured in three momentum slices, providing
a total of 41 data points with small uncertainties. It should be pointed out that
the momentum range overlaps with the previous experiments, allowing a direct
comparison. The data of E40, E289 and E251 is shown in Fig. 1.5 together
with model predictions.

Figure 1.5: Cross sections of p–Σ+ scattering measured by the E40 [20] (black markers),
E251 [128] (red markers) and E289 [129] (blue markers) experiments. Clearly, the
E40 data is most constraining due the smaller uncertainties. The observed cross
sections are much smaller than predicted by most models, particularly FSS [114]
and fss2 [115, 116]. In general, NSC97f [111, 131] describes the cross sections best,
which will be discussed later in this section. Figure from Ref. [20].

It can be seen that the data points of E40 and E251 are in good agreement.
The data from E289, however, shows sizeable disagreement in all but one of
the four data points, even though they are still compatible within the given
uncertainties. The data has been compared to several models using different
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approaches, the quark models FSS [114] and fss2 [115, 116], the soft-core models
ESC08 [112] and NSC97f [111, 131], as well as the χEFT models NLO13 [120]
and NLO19 [122]. It can be concluded that none of the models describes the
data satisfactorily well over the full considered momentum range. The two
χEFT models are very similar and overpredict the cross sections, while also
missing the shape. This is related to the LECs as experimental inputs to these
models being insufficiently well constrained. The quark models predict a strong
repulsion due to the quark Pauli blocking, leading to an increased cross section,
which is in better agreement with the E289 data, but strongly disfavored by
the precise E40 data. The ESC08 model captures the data best in the lowest
momentum bin, but starts to deviate significantly in the second. In contrast,
the NSC97f model describes the data well in the upper two momentum bins,
deviating only in the lowest.
A phase shift analysis was carried out with the E40 data, considering the first
three orders in the partial-wave decomposition [20]. In order to reduce the num-
ber of free parameters, the phase shifts of the 27-plet were constrained to p–p
scattering. Since the values are expected to be modified in the p–Σ+ case, a
constraint to two models, namely ESC16 and NSC97f, was used as a variation.
However, it was pointed out that these models were tuned to the p–p scattering
data as well, implying that these values might also not be fully correct. From
the decuplet, the D-wave contributions were fixed to the models, as there is
apparently rather good agreement on these parameters. Since these values are
rather small, they were also fixed to 0 as a variation. Thus, the phase shifts of
the S- and P-waves of the decuplet, δ3S1

and δ1P1
, corresponding to the short-

range part of the p–Σ+ interaction, remained as the only two fit parameters.
The values of δ1P1

are very sensitive to the made variations and the uncertain-
ties are large, while the differences between the models are rather small, such
that no conclusion could be drawn from this parameter. However, generally a
positive value is favoured, corresponding to attraction.
In the case of δ3S1

, the uncertainties are much smaller and the values are es-
sentially insensitive to the variations. Nonetheless, there is still an ambiguity
concerning the sign, which might be positive or negative, even though only one
model, NSC97f, predicts the sign to be positive. The data has been found to
be in agreement with NSC97f as well as ESC16, thus either supporting a mod-
erate attraction (NSC97f) or moderate repulsion (ESC16), while disfavoring
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the strong repulsion predicted by the fss2 quark model, which is in line with
the comparison to the differential cross section [20]. Interestingly, the NSC97f
model describes both observables very well, even though this is the only model
predicting an attractive interaction in the triplet channel of the N–Σ interac-
tion, which is disfavored by the other experimental data. From the scattering
experiments, however, no conclusion can be drawn yet which would point to-
wards either one of the soft-core models, in particular NSC97f cannot be ruled
out.
The results of the E40 experiment, which have been published during the course
of this thesis, constitute the most precise data on the p–Σ+ scattering so far
and are thus interesting to compare to the femtoscopic data obtained in this
thesis, which will be discussed in chapter 5.

1.3.3 Neutron stars

Figure 1.6: Theoretical calculations of the mass-radius relation of neutron star matter plotted
with observed neutron star masses. Purely nucleonic matter is shown in black. In
the presence of Λ hyperons, heavy neutron stars above 2 solar masses can only
be supported when including three-body forces (dashed-dotted lines). Figure from
Ref. [156].
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To gain a profound knowledge about the properties of matter under extreme
conditions, hadronic collisions are a key tool. However, one may also look into
space. Heavy stars, and particularly their remnants, are sites where those ex-
treme conditions naturally occur. Neutron star cores might for instance be the
only place in the universe where deconfined or possibly color-superconducting
matter naturally occurs [157, 158]. Also, neutron star mergers show striking
similarities with heavy-ion collisions in terms of temperatures and densities,
despite their completely different scales [159]. The measurement of neutron
star masses and radii puts tight constraints on the equation of state of the neu-
tron star matter and the observation of gravitational waves from merger events
can also provide valuable insights [160]. Therefore, astrophysics and nuclear
physics complement each other.
First of all, one may consider how a neutron star is formed [161]. It is well
known that stars produce energy by nuclear fusion of hydrogen to helium in
their core. Since this process requires the conversion of protons to neutrons
via the weak interaction, this process is slow and takes most of the lifetime of
the star. The produced helium aggregates in the core and the fusion of the
hydrogen relocates to the shell around the core. Once the helium core is heavy
enough, it contracts and thereby heats up and if the star is heavy enough, the
helium starts fusing into carbon and oxygen forming a carbon-oxygen (CO)
core. Eventually, further fusion stages are reached until finally iron and nickel
is produced. At this point, the fusion ceases as no further energy can be gen-
erated.
During the nuclear fusion, the star is stabilized by the radiation pressure push-
ing against the contracting gravitational force. Once the fusion in the core
has come to a halt, the core is only stabilized by the degenerate electron gas.
The maximum mass, which can resist its gravitational self-attraction only by
the degeneracy pressure of the electrons, is known as the Chandrasekhar limit
and amounts to roughly 1.4 solar masses [162]. When this is exceeded, the core
collapses, releasing enormous amounts of gravitational energy, resulting in a
sudden, tremendous increase of the stars luminosity. Such an event is called
core-collapse supernova. The shell of the star falls towards the collapsed core,
leading to further compression. In the core, the protons and electrons form
neutrons, producing large amounts of neutrinos, which carry away most of the
gravitational energy. Incoming matter is reflected by the core and accelerated
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by the neutrinos and is finally emitted into outer space. The collapsed core is
eventually stabilized by the degenerate neutron gas if its mass remains below
the Tolman–Oppenheimer–Volkoff (TOV) limit [163, 164]. The remnant is then
a neutron star. Above the threshold, the core collapses into a black hole, mak-
ing neutron stars the densest known objects without an event horizon.
Despite the name, neutron stars are not only composed of neutrons. The current
knowledge about their composition and structure is mainly based on theoret-
ical calculations, but X-ray spectroscopy and seismology are and will be used
to infer information directly [165, 166]. The outer shells are rather well estab-
lished. It is believed that neutron stars posses a crust composed of ions and
electrons alongside neutrons, which extends over a few kilometers. Below is a
Fermi liquid, mainly composed of neutrons and a few percent protons [14, 167].
The composition of the core, which exceeds the nuclear saturation density, is
uncertain.
Since neutrons are fermions, they must obey the Pauli exclusion principle, which
requires the neutrons at such high densities to occupy increasingly high energy
levels. This gives rise to the degeneracy pressure, stabilizing the neutron star.
The original calculation of the TOV limit yielded a maximum mass of only
around 0.7 solar masses. Later calculations also include the repulsive contribu-
tion of the strong force between nucleons at small distances, which gives values
of 2-3 solar masses [168], sufficient to support the heaviest neutron stars ob-
served so far [169].
Due to the high occupation of energy levels, a few percent protons remain
present, even though charge conservation then requires the presence of ad-
ditional fermions, the electrons. The degeneracy pressure of the electrons is
relaxed by the emergence of muons as carriers of the negative charges [12–14].
At even higher densities, the increasing degeneracy pressure implies that at
some point, the emergence of strangeness as an additional degree of freedom
becomes energetically favorable. The Λ hyperons are less than 19% heavier
than the neutron [9], neutral and, most importantly, distinguishable from the
neutrons and can thus occupy lower energy levels. Going further, Σ hyperons as
well as Ξ hyperons might also occur. Their fraction as a function of the density
depends on their respective mass and their interactions with each other and the
surrounding nucleonic matter, which are not well known. Generally, however,
calculations show that the presence of hyperons softens the equation of state
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insomuch that neutron stars above 2 solar masses could not be supported [12]
(see Fig. 1.6, black vs. dashed lines). However, such neutron stars are observed
in nature (e.g. Ref. [169]), which is known as the “hyperon puzzle”. Several
approaches exist to resolve this puzzle.
One is that the core of heavy neutron stars might transition into a color-
superconducting quark-gluon plasma where the degrees of freedom are not any-
more the nucleons, but the quarks. It might be that the deconfined phase is
only present in the inner core, which would be called a hybrid star, or that it
extends over the full radius, which would be called a quark star. Even though
there are candidates for such objects, no definite proof of their existence is
present [157, 170].
Another solution that has gained attention in the recent years is the considera-
tion of three-body forces or, more generally, many-body forces in the calculation
of the equation of state [18, 19]. The (genuine) three-body force is a force among
three participating hadrons, which exceeds the trivial combination of the three
two-body interactions. It has been found that the inclusion of such forces is
crucial for the proper description of neutron star matter, particularly in the
hyperon sector. The existence of such forces can in fact already be seen when
comparing the binding potential of Λ hyperons extracted by extrapolating the
binding energies of hypernuclei with the potential obtained from femtoscopy
(see section 1.4) of protons and Λs. In the hypernuclei case, a potential depth
of around -30 MeV is found [136, 137], while in femtoscopy around -36 MeV
is measured at nuclear saturation density [16]. This obvious discrepancy can
be explained by the fact that hypernuclei are many-body systems and thus
probe both two- and three-body interactions, while femtoscopy only measures
the two-body contribution. This implies that the N–N–Λ interaction is repul-
sive and counteracts the attractive two-body interactions. In the meantime,
the femtoscopic technique has been extended to the three-body sector and,
given sufficient statistics, will be able to probe three-body interactions between
various hadrons precisely [171]. On the theory side, the inclusion of repulsive
three-body interactions can stiffen the equation of state enough to support the
observed neutron star masses [18] (see Fig. 1.6, dash-dotted lines). Potentially,
the density dependence of the Λ chemical potential µΛ is modified such that it
does not anymore cross the chemical potential of the nucleons, in which case it
would never be energetically favorable to produce Λs, inhibiting their appear-
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ance [19].
Heavier hyperons might still be present in neutron stars, foremost the Σ−

baryon [12–14]. As it is negatively charged, it would not only replace a neutron,
but also ease the Fermi pressure of the leptons. Depending on its interaction,
this could potentially lead to an even earlier appearance of Σ− than Λ. How-
ever, considering the results presented in section 1.3.2, the N–Σ interaction is
expected to be repulsive, in which case Σ baryons are unlikely to occur. While
the n–Σ− system is almost impossible to access experimentally, the p–Σ+ system
studied in this thesis can also clarify the situation, as it can yield information
about the n–Σ− channel through the isospin symmetry.
Concerning the Λ baryons, it has furthermore been brought forward that the
coupling between the N–Λ and the N–Σ sector carefully needs to be considered
for the overall Y–N interaction [172]. Attraction might be induced by this cou-
pling, while the coupling could be suppressed at high densities, also pointing
towards an overall repulsive interaction between nucleons and hyperons at large
densities [119].
In conclusion, the hyperon “puzzle” can be fully attributed to the incomplete
knowledge about the relevant interactions. Potentially, hyperons do not even
appear due to repulsive interactions with the surrounding medium, such that
the fundamental problem does not even arise. In this case, the neutron star
would remain purely nucleonic, supporting the observed masses. This alone
does, however, not rule out that a quark-gluon plasma might be present in the
neutron star core. For a profound understanding, a joint effort of astronomy,
high-energy experiments, and theory is required. Femtoscopy can be used to
pin down the interactions between nucleons and various hyperons as well as
the interactions among hyperons, both in the two- and three-body sector, to
complete the picture.
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1.4 Femtoscopy

Scattering of particles is a very valuable source of information on their interac-
tions, however, concluding the discussion of the previous sections, it is challeng-
ing for short-lived particles such as hyperons. For even heavier systems, such
as hyperon–hyperon, charmed particles, or in the three-body sector, scattering
is most difficult or even unfeasible and at the same time bound systems are
typically not available. Luckily, another method exists which can be used to
study the interaction among particles, femtoscopy [11]. In the recent years, fem-
toscopy stood out as a key-tool to study the interactions among hadrons [173]
and will also be used in this thesis to study the interaction between protons
and Σ+ hyperons. In this section, a brief historical introduction will be given
and the theoretical and experimental concepts will be discussed.

The history of femtoscopy dates back to the 1950s, when Robert Hanbury-
Brown and Richard Q. Twiss discovered the Hanbury Brown and Twiss (HBT)
effect [174] and used it to determine the apparent size of stars that could not
be resolved by telescopes [175].
The HBT effect describes correlated fluctuations of the intensities of particles,
gauged by two independent and spatially separated detectors. In the case of
a star, the emitted photons are observed by two telescopes. The measured
quantity is the correlation function C(~d ) at the detector distance ~d , given by
the ratio of the averaged (correlated) product of the intensities 〈I1I2〉 and the
averaged individual intensities 〈I1〉 and 〈I2〉. In the absence of a correlation,
the correlation function naturally equals unity [176, 177]. When the detector
distance is varied within a characteristic scale given by the ratio of the wave-
length of the photons and the apparent angle of the star, a correlation signal is
observed.
The correlation can be fully attributed to the wave nature of the photons. One
may consider a monochromatic thermal source, emitting spherical electromag-
netic waves. The spherical waves can be described by the amplitude, the wave
vector ~k and a random phase. In this case, the individual intensities measured
at one of the telescopes only depend on the amplitudes, while the random
phases average out. In the product 〈I1I2〉, however, the averaging over the
random phases takes place after the multiplication, giving rise to an additional
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term, which does not vanish. If one now assumes that the individual sources
are distributed according to a density distribution ρ(~r ) and that the distance
between the source and the detectors is much larger than the size of the star,
it can be shown that the correlation function is given by the Fourier transform
of the density distribution of the source, thus [176, 177]

C(~d ) = 1 +
∣

∣

∣

∣

∫

ρ(~r )eik~d~rd3r
∣

∣

∣

∣

2
. (1.4)

Not much later in the 1960s, the paradigm of the HBT correlations was applied
by Goldhaber et al. [178] to study the effect of the Bose–Einstein statistics on
pion correlations. From the 1970s onward, the concept was then used for the
same purpose as the original HBT measurement, yet at a completely different
length scale, to study the size of the particle emitting source. This was done
by investigating correlations among pions in p–p̄ collisions. Owing to the typ-
ical scale of hadron physics, this framework was later named femtoscopy. For
several decades, femtoscopy was used primarily to study the source properties.
However, since the correlation function relates the source distribution with the
pair wave function, as will be shown, femtoscopy can also be used to study
the interaction between the particle pairs, given that the source distribution
is known beforehand. This concept was used by the STAR experiment in the
2000s to study the p–Λ̄ and p̄–Λ interactions [179]. In the 2010s, they employed
the method to study the interaction among Λ baryons [180] as well, which is
interesting due to a potential bound state, the H-dibaryon [181]. However,
experimental challenges obstructed a definite conclusion. This changed only
recently, particularly due to the extensive work by the ALICE collaboration,
allowing to fix the source distribution for any system under study [182, 183].
In the following, the experimental and theoretical approaches will be intro-
duced, particularly putting weight on the arising caveats.

1.4.1 Experimental correlation function

Following the HBT paradigm, the quantity of interest in femtoscopy is the
correlation function, given by the ratio of the correlated and uncorrelated two-
particle intensity distributions. Boosting into the rest frame of the particle
pair, the intensity distributions come down to a simple number distribution of
pairs as a function of the relative momentum. Conventionally, the correlation
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function is expressed in terms of k∗, defined as half of the relative momentum
between the particle pair in their rest frame7 q∗. A small value of k∗ can be
visualized as particles moving almost collinearly at a similar velocity, allowing
them to interact with each other. The experimental correlation function is thus
computed as [11]

C(k∗) =
Ncorr.(k

∗)

Nuncorr.(k∗)
(1.5)

where Ncorr. and Nuncorr. are the distributions of particle pairs as a function of
k∗ in a correlated and an uncorrelated sample, respectively. It must be noted
that Ncorr. and Nuncorr. are generally not equally large. The ratio between the
two samples highly depends on how Nuncorr. is constructed. Typically, some
kind of normalization is needed, which will be discussed in detail within this
thesis, particularly in section 5.4.1.
Despite the minimal complexity of Eq. (1.5), many experimental caveats are
present, which have to be treated carefully. First of all, the construction of
the uncorrelated sample is itself not trivial. Generally, one seeks to break the
correlation of interest, the interaction, but preserve all others, such that the
correlation function equals unity at larger k∗. The k∗ distribution of the pairs
is driven by the single-particle momentum distributions, folded by the angular
distribution, which in turn is constrained by the acceptance of the detector
system. An angular dependence of the efficiency might be present and is po-
tentially also momentum dependent. Regularly, these effects are considered by
using the mixed-event technique, constructing the pairs from particles originat-
ing from different events [11, 15]. Naturally, such particles could not interact
with each other and the detector acceptance is properly reproduced. Since the
momentum spectra are a function of the multiplicity, only events which have a
similar multiplicity can be mixed. This mixed-event technique works well for
large collision systems like Pb–Pb collisions, but struggles for small ones like
pp [11, 15]. This is related to the fact that pp collisions are dominated by a few
hard parton scatterings, giving rise to preferential directions. In low-multiplicity
collisions, pure momentum conservation also imposes a correlation between the
particles’ momenta [15, 184]. Since the mixed event averages over many events,
such correlations are not preserved and the momentum conservation is violated.

7In the following, the asterisk always denotes that the value is considered in the pair rest frame.
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Consequently, the correlation function contains these contributions, giving rise
to a so-called non-femtoscopic background, which will be further discussed in
section 5.4.1. Often, only the first few hundred MeV/c of the correlation func-
tions are shown, effectively hiding the deviations from unity at larger k∗ [15].
Still, this potentially makes it challenging to extract the femtoscopic signal,
while at least introducing uncertainty. Therefore, as part of this thesis, an al-
ternative approach for the construction of the uncorrelated sample is proposed,
which will be discussed in section 5.4.1.
Moreover, the sample of particles always contains a finite amount of contamina-
tion from misidentification or feed-down, which might have a (residual) femto-
scopic correlation with the respective other particle. If the purity is only modest,
a very good knowledge about these contributions is crucial to disentangle the
measured correlation function and extract the contribution of interest. This
will be discussed further in section 5.3.

The correlation function can be studied in all kinds of collision systems. In
this thesis, pp collisions are used which have been triggered on high multiplic-
ity, which will be explained later. Such collisions have been used extensively
in ALICE to study the correlation functions of various particle pairs. Due to
the small source size of these collisions and the thus small average inter-particle
distances, the correlation signal is much more pronounced compared to heavy-
ion collisions. Furthermore, pp collisions are also easier in terms of purity and
particularly knock-out, together improving the significance of the signal. At the
same time, triggering on high multiplicity significantly enhances the statistics
of pairs per event, which might only be exceeded by a dedicated pair trig-
ger. In particular, strange hadrons are produced with a higher abundance at
high multiplicities [10], which also aids the study of the p–Σ+ system discussed
here. Nonetheless, the properties of the small source imply a complication as
discussed. Furthermore, source sizes of around 1 fm also complicate the the-
oretical treatment of the correlation function, which will be elaborated in the
following section.
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1.4.2 Theoretical approach

In order to draw conclusions from a measured correlation function, it needs
to be related to the two-particle wave function Ψ(~k∗, ~r ∗), which contains the
information about the interaction between the particles. This relation is given
by the Koonin-Pratt equation, which reads [11, 185]

C(k∗) =
∫

S(r∗)
∣

∣

∣

∣

Ψ(~k∗, ~r ∗)
∣

∣

∣

∣

2
d3r∗ (1.6)

where S(r∗) is the source distribution, which corresponds to the probability that
the pair of particles is created at a separation of r∗. The integral in Eq. (1.6)
evaluates unity in the absence of a final-state interaction (FSI)8.
Extensive work related the source distribution has been done beforehand [182,
183], which will be discussed in the following section. The treatment of the
wave function and the inclusion of the Coulomb interaction will be discussed
later in this chapter.
In the case of identical particles, the Fermi-Dirac or Bose-Einstein statistics
needs to be considered, respectively. Moreover, as already touched in section
1.3.3, coupled channels might be present if other particle pairs exist, which have
the same quantum numbers and similar masses [186]. However, the latter two
contributions will not be detailed further, as they are irrelevant for the system
studied in this thesis.

Source distribution

The particle emitting source is in reality a very complicated entity, which does
not only depend on the radius, but also on the momenta of the particles. Fur-
thermore, it is not homogeneous and different for every event. Particularly
in small systems like pp collisions, it cannot be assumed that the source is
isotropic. In this case, the angular distribution between the distance vector ~r ∗

and the momentum vector ~k∗ is not flat anymore, which is, however, a common
assumption in the theoretical treatment of the correlation function [187].
It was already pointed out earlier that the k∗ dependence could possibly fac-
torize and thus be integrated out of the Koonin-Pratt equation [188]. This
term would then give rise to the non-femtoscopic background. Quantifying the

8For non-identical particles without coupled channels.
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non-femtoscopic background is challenging theoretically and is mostly treated
experimentally by means of a phenomenological fit, which will be discussed.
The remaining r∗ dependence of the source distribution is typically modelled by
a Gaussian distribution centered at 0 with a standard deviation of r0, thus [182]

S(r∗) = (4πr2
0)−3/2 exp



−1

4

r∗2

r2
0



. (1.7)

However, this implies that the source is a static object of fixed size, which is
not the case. It has been found that the size r0 of the source scales with the
transverse mass mT of the pair [182], which is given by9 [11, 182]

mT =

√

√

√

√

√


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2
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2

)2

. (1.8)

Going even further, the Gaussian source can be complemented by a corona
model, which accounts for the strong decays of short-lived resonances feeding
into the measured particles. This is of course unique for every particle species
and effectively enlarges the source size. When the corona is considered, the mT

scaling of the remaining Gaussian core collapses onto a single line, common to
all investigated systems, as depicted in Fig. 1.7. In fact, the observed scaling
behavior holds for meson–meson, meson–baryon and baryon–baryon systems in
the same way [183]. The common scaling and its mT dependence are not trivial.
Generally, one may note the following considerations. Within the particle emit-
ting source, gradients of the collective velocity are present, both in the beam
direction and transverse to it. In order to form a pair with a vanishing rela-
tive velocity, the difference in the collective velocities of the two particles needs
to be balanced by their thermal velocities, where the latter is proportional to
1/

√
mT [11, 189]. A pair with a large mT effectively moves slower, which re-

stricts the so-called region of homogeneity to a smaller size. Below a certain
value of mT, the region of homogeneity expands over the full geometric expan-
sion of the hadronization surface, leading to a saturation in themT scaling [183].
Both features can be seen in Fig. 1.7. While the shown parametrization is only
phenomenological, it allows to extract the core radius for any system under
study, thus also for the p–Σ+ system. The contribution of resonance decays is
evaluated using a simulation procedure, which will be discussed in section 5.5.1.

9One may note the different definition of mT in section 1.2.1.
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Figure 1.7: Scaling of the core radius r0 of the particle emitting source with mT in pp collisions
at

√
s = 13 TeV. Above around 0.5 GeV/c2 in 〈mT〉, rcore exhibits a 1/〈mT〉 depen-

dence and flattens out to a constant size at high values of 〈mT〉. Below 0.5 GeV/c2 a
saturation of rcore is observed, which can be interpreted as the maximum expansion
of the fireball created in the collision. Figure from Ref. [191].

When using the Lednický-Lyuboshits [190] approach (see next section), it is
more convenient to use a Gaussian source, as the exponential tails of the reso-
nance source do not deliver an analytical solution of the Koonin-Pratt equation.
This can be done by using an effective Gaussian fitted to the full resonance
source. If necessary, the description of the source distribution can be improved
by the usage of a weighted sum of multiple Gaussians. Nonetheless, one may
note that the long tails caused by long-lived resonances are not necessary for a
proper calculation of the correlation function and rather cause undesired arte-
facts.
Since the range of the strong interaction is approximately 1 fm, no effects of the
interaction are expected at distances of O(10 fm), and consequently a Gaussian
source is typically sufficient as long as the first few fm are well described [183].
For the p–Σ+ system, this can be seen in Fig. 5.36 on page 191.
It is worth to note that the distance at which the wave function is probed is
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determined by the source distribution. Studying the same particle pair in col-
lision systems of different sizes can thus yield additional information about the
radial dependence of the wave function.
Besides the remarkable achievements with respect to the source distribution,
the description is clearly not complete. A 3-dimensional decomposition of the
source could improve the situation and will possibly be available with more
statistics.
As a remark, one may note that if the same particle pair is measured in multi-
ple collision systems or at multiple centralities with different source sizes, one
might be able to extract the scattering parameters by means of a simultaneous
fit, leaving the radius as a free parameter.

Lednický-Lyuboshits approach

The second ingredient in Eq. (1.6) is the wave function Ψ(~k∗, ~r ∗). In order to
determine it, the Schrödinger equation must be solved for a given potential.
There is no analytical solution for this problem, but numerical tools exist to
perform the calculation [192]. On the other hand, for practical purposes, often
an approximate analytical solution is used. The corresponding formalism is
called Lednický-Lyuboshits10 (LL) approach [190]. Here, the wave function is
considered in the approximate asymptotic form, consisting of a superposition
of the incoming plane wave and the scattered spherical wave, where the latter
is weighted by the scattering amplitude f(k∗). The wave function then takes
the form [190, 194]

Ψ(k∗, r∗) = e−ik∗r∗

+ f(k∗)
eik∗r∗

r∗ . (1.9)

The scattering amplitude thus gives the probability for a scattering into a cer-
tain final state. It is consequently related to the differential cross section via
dσ/dΩ = |f(θ)|2 [194, 195]. For spherically symmetric potentials, it is often
practical to expand the scattering amplitude with respect to the angular mo-
mentum number L. At low energies, it can then be sufficient to consider only
the lowest order, the S-wave, which eases the calculation [194, 195]. For the
incoming wave, the plane wave expansion allows to write the plane wave as a
10One should also take note of the pioneering work of Lednický and Podgoretsky, available in Russian language

only [193].
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superposition of spherical waves and express them in terms of Legendre poly-
nomials PL(k̂r̂), where k̂ and r̂ are unit vectors in the direction of k∗ or r∗,
respectively.
After a few transformations and the identification of the terms in the ansatz
made in Eq. (1.9), the scattering amplitude can be written as [194]

f(k̂r̂) =
∞
∑

L=0

(2L+ 1)fL(k)PL(k̂r̂) (1.10)

with

fL =
e2iδL − 1

2ik∗ = (k∗ cot(δL) − ik∗)−1 (1.11)

where δL is the phase shift between the incoming and the outgoing wave. The
latter term −ik∗ comes from the unitary condition and ensures that the number
of particles in the scattering process is conserved. If only the S-wave is consid-
ered, Eq. (1.10) trivially becomes f(k̂r̂) = f0. In this case, the term k∗ cot(δL)
can be expanded in a Taylor series around k∗ = 0, a procedure called effective
range expansion (ERE) [132, 190, 194]

k∗ cot(δ0) ≈ − 1

a0
+
d0

2
k∗2 + O

(

k∗4
)

. (1.12)

The quantity a0 is the so-called scattering length and d0 is the effective range.
The sign of a0 is convention. In the convention used in this thesis, the scattering
length is negative if the interaction is attractive but not binding11. The name
“effective range” can be misleading, as one needs to keep in mind that d0 is
first and foremost only the second coefficient of the Taylor expansion. It indeed
gives approximately, or in case of a square-well potential exactly, the range
of the interaction for potentials, which are short-ranged and have a scattering
length that is larger than the range of the interaction [132, 196]. For vanishing
values of a0, however, the first term of Eq. (1.12) diverges, which implies that
the other terms of the expansion will grow large too in order to preserve finite
scattering cross sections. The effective range can in this case become orders of
magnitude larger than the actual range of the interaction. Those values are not
particularly meaningful, but rather indicate that the effective range expansion

11In femtoscopy sometimes the opposite convention is used.
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breaks down. Most likely, the higher order terms are non-negligible in this case
as well. As they enter with even higher powers of k∗, the region of validity is
then limited to very small values of k∗.

With the wave function in Eq. (1.9), the effective range expansion, and the
Gaussian source, the correlation function can be computed analytically and
conveniently only depends on the scattering length, the effective range, and the
source radius. One finds [190]

CLL(k∗) = 1 +
|f(k∗)|2

2r2
0

F0(d0) +
2ℜf(k∗)√

πr0
F1(2k

∗r0) − ℑf(k∗)

r0
F2(2k

∗r0) (1.13)

where ℜf(k∗) and ℑf(k∗) correspond to the real and the imaginary part of the
scattering amplitude, respectively. The functions F1(x) and F2(x) are given by

F1(z) =

√
π

2
z−1e−z2

erfi(z) (1.14)

and

F2(z) = z−1(1 − e−z2

) (1.15)

where erfi(z) is the imaginary error function, defined as erfi(z) = 2√
π

∫ z
0 e

x2

dx.
The asymptotic approximation made in the Lednický-Lyuboshits approach is
technically only valid at larger distances from the scattering center, at least
larger than the effective range of the interaction. This is, however, not the case
in pp collisions with source sizes of about 1 fm. Furthermore, even in larger
sources the Gaussian distribution is inevitably peaked at 0 and the second term
of Eq. (1.9) diverges at r∗ = 0. This is cured only by the three-dimensional
integration over the source, which introduces an additional factor of r∗2 through
the Jacobian determinant. Integrated over ϕ and θ one can write the source as

S(r∗) =
r∗2

2
√
πr3

0

exp



− r∗2

4r2
0



 (1.16)

which has to be integrated in one dimension over r∗. Apparently, the function
vanishes towards r∗ = 0 and so does the volume of the integral. The maxi-
mum is shifted outwards to 2r0. Consequently, the wave function is probed at
much larger distances as one would naively expect from a Gaussian distribution.
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Nonetheless, the particle separations in small systems are still small, which can
be cured to some extent by the term F0, defined as [190]

F0 = 1 − d0

2
√
πr0

(1.17)

which tries to correct the deviation from the full wave function at small distances
and is therefore called small source correction [190]. It has been demonstrated
that this works well for the p–Λ system in pp collisions [15]. Depending on
the experimental and model uncertainties, the uncertainty coming from the LL
approach may be acceptable. One must, however, be aware that this does not
hold for any system and there is no guarantee that Eq. (1.13) provides useful
results.
Generally, there is no rule to determine if the approach is applicable without
comparing to full calculations, however, the limit of validity can already be
seen from the small source correction term F0. In the limit of an infinitely
large source (or vanishing effective range), the term amounts to unity. As it
is intended to be a small correction, the fraction d0/(2

√
πr0) should also be

small, at least smaller than unity. If one assumes a source size of 1 fm for a pp
collision, this results in a maximum effective range of around 3.5 fm. This may
not be fulfilled, particularly in the triplet channel of the N–Σ interaction due
to the small scattering length. In such cases, larger deviations from the true
solution must be expected. For very large effective ranges, the term F0 can even
cause negative values of the correlation function, which is clearly unphysical,
as the correlation function is a ratio of intensities and thus positive definite.
One may at this point recall that the effective range is the second coefficient
of a Taylor series. If it is extraordinary large, the series will, if truncated after
the second term, potentially diverge from the real solution so quickly that it
is sometimes counter-intuitively a better approximation to keep only the first
term and drop the effective range completely. This is, however, only a rule of
thumb and it is not guaranteed that it will produce reasonable results. For
instance, for the considered models of the p–Σ+ interaction (see Tab. 1.2), this
works well down to a source size of around 1.2 fm, even for the NSC97f model,
which has an effective range of 28.9 fm in the triplet channel. For a comparison
see Fig. 1.9 on page 68.
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Coulomb interaction in the Lednický-Lyuboshits approach

In the case of charged particles, the Coulomb interaction influences the correla-
tion function substantially. It does not only effect the scattering amplitude, but
also the shape of both the incoming and the scattered wave. It can be shown
that Eq. (1.9) then takes the non-trivial form [187, 194, 197]

Ψ(k∗, r∗) = eiσc

√

Ac(η)



e−ik∗r∗

F (−iη, 1, iǫ) + fc(k
∗)
G̃(k∗r∗, η)

r∗



 (1.18)

where σc is the Coulomb phase shift. The strength of the Coulomb interaction
is contained in the two-particle Bohr radius a, which is given by

a =
me

µ q1 q2
· a0 (1.19)

where me is the electron mass, qi are the charges of the particles, and a0 is the
ordinary Bohr radius.
The first term of Eq. (1.18) - eiσL - always evaluates unity when calculating
the modulus squared of the wave function. Also, it is negligible if a is large
compared to (k∗)−1. This is typically the case, as a is more than 50 fm for
a pair of two singly charged baryons. The second term Ac(η) is the so-called
Gamow or Coulomb penetration factor and is given by [194, 198]

Ac(η) =
2πη

e2πη − 1
(1.20)

with η = (k∗a)−1. F and G are functions that can be expressed in terms of
so-called confluent hypergeometric functions which occur in the solution of the
Coulomb wave equations [199]. While this will be detailed later, it may be noted
at this point that they do not have a closed-form representation, which inhibits
an analytical solution of the Koonin-Pratt equation like Eq. (1.13). Therefore,
the modification of the shape of the waves induced by the Coulomb interaction
is regularly dropped and only the terms in front of the brackets are consid-
ered. This is the so-called Gamow approximation [188, 197]. With the Gamow
approximation, the Gamow factor can be integrated out of the Koonin-Pratt
equation, such that the Coulomb correction is limited to multiplying the corre-
lation function with the Gamow factor. In this case, however, larger deviations

62



Chapter 1. Introduction

to the full calculations must be expected, such that one should abstain from us-
ing this approximation. Alternatively, suitable approximations of the confluent
hypergeometric functions may be used. The expansion of F reads [187, 197]

F = 1 +
r∗

a
· (1 + cos(θ∗)) + O





(

r∗

a

)2


 (1.21)

and can thus be approximated by unity as r∗/a is small. Similarly, G̃ can be
approximated by purely analytic functions [187, 197]

G̃ ≈ cos(k∗r∗) + iAc(η) sin(k∗r∗). (1.22)

One may note that in this approximation, G̃ is very similar to the case without
Coulomb and only the imaginary part is modified by the Gamow factor.
The scattering amplitude f is also modified in the presence of the Coulomb
interaction. The Coulomb-modified scattering amplitude is denoted as fc. It
can be expanded in the same manner as Eq. (1.12), namely [187, 197]

fc(k
∗) ≈

(

− 1

a0
+
d0

2
k∗2 +

2

a
h(η) − ik∗Ac(η)

)−1

(1.23)

where a0 and d0 in this case denote the Coulomb-modified scattering length
and effective range, respectively, and a is the two-particle Bohr radius defined
in Eq. (1.19). The function h can be approximated for η ≪ 1 by [187, 197]

h(η) ≈ 1.2η2 − ln(|η|) − γ (1.24)

where γ = 0.5772 is the Euler-Mascheroni constant. With these approxima-
tions, one can converge back to an analytical solution [188, 192, 197]

CLL(k∗) = Ac



1 +
|fc|2
2r2

0



F0 +
(Ac − 1)2

2
(1 − e−4(r0k∗)2

)





+
2ℜfc√
πr0

F1 − ℑfc





F2

r0
+ 2(Ac − 1)k∗ cos(r0k

∗)e−(r0k∗)2







.

(1.25)

This equation is more precise than the previous Gamow approximation, while
still being analytical. However, one must be aware that the Gamow factor
employed here is a crude approximation by itself. It assumes that the particles
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are emitted from a point-like neutral source [198, 200]. Hence, no information
about the source distribution and particularly the size of the source enter its
calculation. Naturally, the Gamow factor overestimates the influence of the
Coulomb interaction for any source of finite size. The correlation functions
calculated with the point-like assumption of the Gamow factor and the correct
results are shown in Fig. 1.8 for multiple source sizes typically encountered in
hadronic collisions.

10 210 )c (MeV/k*
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, Coulomb FSI only
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1 fm (pp)
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Figure 1.8: Comparison of the correlation functions calculated by integrating the Coulomb wave
functions (Eq. (1.28)) over a Gaussian source for various radii typically encountered
in hadronic collisions and the Gamow factor. The proper solutions approach the
Gamow approximation towards low radii, but show sizeable deviations even for pp
collisions.

In the limiting case of an infinitely small source size, the correlation function
calculated using the Coulomb wave functions equals the result using the Gamow
factor. However, even in pp collisions, where the source size is around 1 fm,
the deviations are sizeable. Thus, it is recommendable to replace the Gamow
factor by the proper Coulomb wave function integrated over the source12. The
Coulomb wave functions are the solutions of the Schrödinger equation in a

12One may note that here only the term Ac × 1 - the incoming plane wave - should be replaced by the integral
over the Coulomb wave function, as described in paragraph 1.4.2 on page 66.
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Coulomb potential. The solutions can be expressed in terms of the aforemen-
tioned confluent hypergeometric functions. While their derivation is not trivial,
the solutions are readily available in scientific libraries, for instance GSL [201].
For the calculation of the correlation function, it is most practical to use the
partial-wave expansion of the Coulomb wave functions. Here, only the so-
called regular solution FL(η, ρ) is required. The Coulomb wave function then
reads [202]

ΨC(k∗, r∗) =
∞
∑

L=0

(2L+ 1)iLeiσL
FL(η, ρ)

ρ
PL(cos(θ)) (1.26)

where ρ = k∗r∗ and σL is again the Coulomb phase shift. Thereby one can take
advantage of the orthogonality of the Legendre polynomials, which cancels the
mixed terms of the sum when integrating θ over the solid angle, such that [194,
203]

∫ π

0
dθ sin θPm(cos θ)Pn(cos θ) =

2

2m+ 1
δmn (1.27)

with δmn being the Kronecker delta. Furthermore, the term iLeiσL always evalu-
ates unity when calculating the modulus squared of the Coulomb wave function.
Thus, it can be written in a simple representation as

|ΨC(k∗, r∗)|2 =
∞
∑

L=0

(2L+ 1)





FL(η, ρ)

ρ





2

(1.28)

which just needs to be integrated over the given source distribution. One may
note that the series over L converges quite quickly, so it can be truncated at
some point. For larger source radii, more terms are needed. However, one needs
to consider that, depending on η and ρ, libraries may break down at certain
values of L. Thus, a careful consideration of the maximum value of L is vital.
Empirically, 40 terms is a reasonable starting point when using the GSL [201]
library.

Full wave functions

As already discussed, the equations presented in the previous sections have
to be taken with a grain of salt, as the requirements of the made approxima-
tions are formally not fulfilled for all interactions, particularly in small systems.

65



Chapter 1. Introduction

Considering the lengthy nature of Eq. (1.25) and the necessity of the proper
Coulomb treatment, the only remaining advantage of the Lednický-Lyuboshits
approach is that it only requires the two scattering parameters, the scattering
length and the effective range, which can either be taken from the literature
or extracted from the data by means of a fit, for a comparison to model cal-
culations [15, 190]. Nonetheless, the correlation function should in any case be
cross checked with a proper calculation, which thus needs to be computed any-
way. Also, the statement ’the approach worked for a certain interaction, so it
should work for all others’ does not hold, as the properties of the interactions
might differ substantially, even across models. Therefore, it is clear that for a
solid model comparison, the correlation function must be based on the full wave
function obtained by solving the Schrödinger equation for a given potential.
In general, the wave function in the absence of the Coulomb interaction can be
written as [190, 204, 205]

Ψ(~k∗, ~r∗) = ei~k∗~r∗

+ ΨS
0 (k∗, r∗) − j0(k

∗, r∗). (1.29)

Here, only the S-wave is considered, denoted by the index 0.
The first term is the incoming plane wave. This terms always evaluates unity

upon integrating over the solid angle. The second term is the modification by
the strong interaction. The last term is the sperical Bessel function, which
constitutes the non-interacting wave function.
In the presence of the Coulomb interaction, the terms are modified. Firstly, the
plane wave is replaced by the full Coulomb wave function given in Eq. (1.26).
One may note that it does generally not evaluate unity in this case. The strong
wave function is now computed considering the additional Coulomb potential.
Finally, the Bessel function in the S-wave is replaced by the corresponding
regular Coulomb wave function F0 divided by ρ. The wave function can thus
be written as [204, 206]

Ψ(~k∗, ~r∗) = ΨC(~k∗, ~r∗) + ΨSC
0 (k∗, r∗) − F0(η, ρ)

ρ
(1.30)

One may note that the last term of the modulus squared of Eq. (1.30) equals
the first term of the sum in Eq. (1.28), such that one can simply sum from

66



Chapter 1. Introduction

L = 1 to ∞. The modulus squared of the full wave function then reads

|Ψ(k∗, r∗)|2 = |ΨSC
0 (k∗, r∗)|2 +

∞
∑

L=1

(2L+ 1)





FL(η, ρ)

ρ





2

. (1.31)

Given that the wave function ΨSC
0 (k∗, r∗) is available, one can obtain the cor-

relation function by integrating Eq. (1.31) over the source distribution.

Fig. 1.9 shows a comparison of correlation functions calculated using either the
full wave functions or the approximations introduced early, exemplarily for two
specific models. The strong wave functions in the presence of the Coulomb inter-
action ΨSC(k∗, r∗) were provided by J. Haidenbauer [125] and the Coulomb wave
functions were taken from the GSL library [201]. Using the Gamow approxi-
mation (paragraph 1.4.2), the correlation functions are completely off. When
considering the change of the shape of the wave function (see equation 1.25),
the amplitude of the correlation signal is largely restored, but the too slow
convergence of the Gamow factor as observed in Fig. 1.8 still severely affects
the correlation function, particularly at higher k∗. The introduction of the
Coulomb wave functions to the former calculation cures this issue, but is still
not sufficient to describe the proper correlation function. Particularly in the
repulsive model (right), the dip below unity is not yet described. This is, how-
ever, a very important feature as discussed in section 5.5.4. Dropping the large
effective range in the triplet, a reasonable description is reached. In case of
NLO19 [122], the depth of the dip below unity is mostly restored and in case
of NSC97f [111, 131] an almost perfect agreement with the full calculation can
be observed. One must, however, clearly note that in this case the here used
source radius (1.2 fm) is the sweet spot of the calculations. At even smaller
radii, the discussed modifications of the LL approach do not suffice anymore for
the p–Σ+ system, while at larger radii, the approximation of setting the effec-
tive range in the triplet channel rt to zero becomes increasingly impractical. In
any case, these findings are specific for the considered interaction and may not
be generalized without caution. Since the source size in the analysis reported
in this thesis is considerably smaller than 1.2 fm, a generic potential is used to
extract the scattering lengths, as described in the next section.
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Figure 1.9: Theoretical correlation functions of protons and Σ+ using the NSC97f [111, 131]
(left) and SMS NLO (NLO19) [121, 122] (right) models for a Gaussian source with
r0 = 1.2 fm. The different computation methods introduced in this section are
compared. The strong wave functions are provided by J. Haidenbauer [125] and
the Coulomb wave functions are taken from GSL [201]. The full wave function
calculations are performed in a finite binning. The visible artefacts come from the
finite binning and the matching of the normalization to the asymptotic Coulomb
wave function, which is done at a radius of 10 fm. The matching fails for some
values of k∗ if the strong wave function takes values close to zero. Such values are
manually discarded and interpolated.

Generic potentials

Using the equations (1.31) and (1.6) it is possible to test a particular model
calculation against data using full wave functions. Often, the corresponding
wave functions are, however, not available. Also, one may seek to fit the ob-
tained correlation function to extract the scattering parameters that fit the
data best and determine their uncertainties. In these cases, the Lednický-
Lyuboshits approach is commonly employed. Instead, generic potentials can be
used to model the interaction among the particles. From these, the correlation
functions can be calculated by solving the corresponding Schrödinger [207] or
Lippmann-Schwinger [208] equations.
Several parametrizations of such potentials can be found in the literature. The
potentials are typically phenomenological and based on the meson exchange
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picture of the interactions, most prominently implemented in the Yukawa po-
tential, which can be written as [109]

VY ukawa(r) = −g2e
−λmr

r
(1.32)

where g and λ are constants and λ is proportional to the mass of the exchanged
meson. Later potentials like the Reid potential [209] build on this concept, but
add terms to include repulsion at short distances. While this changes the shape
of the potential at short ranges, the long-range shape is still dominated by the
pion exchange. The arising free parameters of the potential models are fitted to
the available data. In order to cope with the growing body of precise data, most
recent potentials became increasingly sophisticated. In particular, one seeks to
be able to describe the interactions among different baryons at the same time,
such that the SU(3) flavor symmetry breaking needs to be considered.
Coming back to the correlation function, one has to consider that the scattering
length is not very sensitive to the exact shape of the potential [132]. Thus, those
sophisticated parametrizations may not be the best choice, particularly if the
measured correlation function is limited by statistics and the exact shape cannot
be resolved anyway.
A much simpler approach is the use of a Gaussian potential, which can be
written as [210, 211]

V (r) = V0 e
− r2

b2 = V0 e
−m2r2

(1.33)

where b is the range parameter. It can be fixed - similarly to the Yukawa po-
tential - to the inverse mass of the lightest meson that is exchangeable between
the particles under study. In the case of p–Σ+, this is the pion.
In the presence of the Coulomb interaction, the well known Coulomb poten-
tial has to be added to the previous equation. For particles with charges qi it
reads [210]

V C(r) = α
q1q2

r
(1.34)

with α being the fine-structure constant. This leaves the potential depth V0 as
the only free parameter which needs to be fitted to the data.
Once V0 is fitted, the scattering parameters can be determined from the asymp-
totic part of the resulting wave function using the effective range approximation
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introduced earlier.
A study of the p–Σ+ system with Gaussian and Reid-like potentials will be
presented in section 5.5.5.
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2 The ALICE experiment

The data presented in this thesis was measured with the ALICE detector, which
is a large detector setup situated at the second interaction point of the Large
Hadron Collider.

2.1 The Large Hadron Collider

Figure 2.1: Schematic view of the accelerator facility at CERN. The LHC (uppermost ring) is
fed by a chain of injectors. Numerous experiments are shown, including ALICE
leftmost. Figure from Ref. [212].

The Large Hadron Collider (LHC) is the by far largest, most energetic, and
most luminous particle accelerator worldwide [213]. It is located at the Conseil
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Européen pour la Recherche Nucléaire (CERN) facility between Switzerland
and France. A schematic diagram of the facilities at CERN is depicted in
Fig. 2.1. One can see the large number of experiments, contributing to the
very rich physics program of CERN. The various accelerators depicted in the
figure have been built consecutively over a period of more than 50 year, with
the LHC being the latest one, completed in 2008. The LHC is connected to
the previous accelerators via transfer tunnels. These accelerators serve as injec-
tors, which consecutively accelerate the particles to increasingly high energies.
The LHC has a circumference of almost 27 km. It is installed in the tunnel
that was previously built for the Large Electron–Positron Collider (LEP) [214],
operating from 1989 to 2000. The LHC holds two counter-rotating beams in
a common tube. It is not a perfect circle, but consists of straight and curved
segments, eight each. In the curved segments, the particle beams are deflected
by superconducting dipole magnets, which produce up to 8.33 T field strength.
In each of the 528 m long straight sections an interaction point (IP), labeled
IP1 to IP8, is located. At four of the interaction points the beams cross, allow-
ing collisions. There, the four large experiments, ALICE, ATLAS, CMS, and
LHCb are located. A diagram of the IPs is shown in Fig. 2.2.
The LHC can accelerate protons, lead ions, as well as lighter ions. In proton
mode, the particles are injected from Linac 2 and are accelerated through the
Proton Synchrotron Booster (PSB), Proton Synchrotron (PS), and Super Pro-
ton Synchrotron (SPS), before being injected into the LHC. The protons are
packed in so-called bunches, each containing around 1011 protons, with up to
2808 bunches stored in the LHC. This results in a bunch crossing every 25 ns,
which translates into a peak luminosity of L = 2 · 1034 cm−2s−1, twice the de-
sign luminosity. In the second run period of the LHC (Run 2), which took place
from 2015 to 2018, the protons were accelerated to a center-of-mass energy of√
s = 13 TeV.
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Figure 2.2: Schematic view of the LHC depicting the eight interaction points where the beams
are manipulated and collisions take place. At IP2 and IP8 the beams are injected.
Figure from Ref. [215].

73



Chapter 2. The ALICE experiment

2.2 The ALICE detector

In this section, the ALICE detector setup [216–218] will be introduced, mainly
focussing on the subdetectors used in this thesis. ALICE is an acronym for
“A Large Ion Collider Experiment”. The main aim of the experiment is the
investigation of the quark-gluon plasma created in collisions of ultra-relativistic
heavy ions. For this purpose, ALICE is equipped with versatile detectors,
which are able to cope with the very high multiplicities present in central Pb–
Pb collisions, while providing precise tracking and particle identification down
to low transverse momenta.

Figure 2.3: Schematic depiction of the ALICE detector as it was used during the LHC Run 2
data taking. The central barrel detector used in this thesis is seen in the left
half of the figure within the L3 magnet [219] (red enclosure). In the upper right
corner, a cut-out shows an enlarged view of the innermost subdetectors. Figure
from Ref. [220].

The detector setup weighs around 10’000 t in total and measures around 16 m
in height and width and 26 m in length. A schematic view of the setup is dis-
played in Fig. 2.3. On the left hand side of the figure, one can see the so-called
central barrel detector. The central barrel detector consists of several subdetec-
tors, which concentrically envelop the interaction point. The main subdetectors
which are used for tracking and particle identification cover the full azimuthal
angle of 2π. They are dimensioned such that a pseudorapidity13 coverage of
13Pseudorapidity η = − ln(tan(θ/2)) where θ is the polar angle in spherical coordinates.
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|η| < 0.9 is maintained for all events which occur within ±10 cm around the
nominal interaction point along the beam axis. This corresponds to an accep-
tance angle of slightly more than 90° in polar angle θ.
The central barrel detector is embedded in a 0.5 T magnetic field produced by
the L3 [219] solenoid magnet.
To the right of the central barrel detector is the muon arm, which is spe-
cialized for the detection of muons in the forward direction at a rapidity of
−4.0 < y < −2.4 stemming from the decays of charmed hadrons.
In the analysis presented in this thesis, only the detectors in the central barrel
and the trigger detectors are used. The relevant subsystems will be described
in detail in the following sections.

2.2.1 Inner Tracking System

Figure 2.4: Cutaway diagram of the ALICE ITS detector, revealing its structure (left). On the
right, the integrated material budget in percent of a radiation length is depicted as
a function of the radius, showing an almost even distribution across the detector.
Figures from Ref. [221] (left) and Ref. [216] (right).

The Inner Tracking System (ITS) [222] is the innermost detector in the central
barrel. It is used for tracking and for the precise determination of the primary
vertex by offering an outstanding spacial resolution of 12 µm in the r−ϕ plane
(i.e. perpendicular to the beam direction) and 100 µm in the beam direction z.
The ITS improves the reconstruction of secondary vertices, the measurement
of low-momentum tracks, and provides particle identification through the mea-
surement of the specific energy loss. It consists of six cylindrical layers of silicon
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detectors located at radii of 3.9, 7.6, 15.0, 23.9, 38.0, and 43.0 cm. The layers
employ three different silicon detector technologies. The two innermost layers
form the Silicon Pixel Detector (SPD), which consists of about 10 million indi-
vidual reverse-biased silicon diode pixels. Since it is closest to the interaction
point, a high granularity and radiation hardness are of particular importance.
The short readout time of 300 ns makes these layers suitable for triggering on
events with a high multiplicity at mid-rapidity.
The Silicon Drift Detector (SDD), comprised of the two middle layers, is charac-
terized by a central cathode and two drift regions. The electrons created when
a particle traverses the detector drift to the sides where they are read out. The
position along the drift direction is computed from the arrival and the trigger
time. The drift time makes this detector rather slow to read out (6.4 µs).
The outer two ITS layers, the Silicon Strip Detector (SSD), consist of double-
sided silicon detector strips and are most important for the matching between
the tracks reconstructed in the TPC and in the ITS.
The material budget of the ITS is around 7.26% of a radiation length (including
the enclosed air) [223]. The distribution on the layers can be seen in Fig. 2.4 on
the right. In order to minimize energy loss and multiple scattering, which de-
grades the resolution especially at low pT, one seeks to keep the material budget
as small as possible. However, for the measurement of photons, and thus also
for Σ+, a small material budget leads to a low reconstruction efficiency due to
the low conversion probability. This will be discussed in section 4.2.

2.2.2 Time Projection Chamber

The Time Projection Chamber (TPC) [225] is the main detector of the ALICE
experiment, most relevant for tracking and particle identification. It is sketched
in Fig. 2.5. The TPC envelopes the ITS detector, extending from 85 to 247 cm
in radius and 5 m along the beam axis. It is filled with a mixture of CO2, noble
gases (neon or argon) and nitrogen, while the composition changed during the
years of operation. The TPC volume is split in half by a central high-voltage
cathode, which provides a constant electrical field of 400 V/cm. When a charged
particle traverses the TPC gas, it causes ionization, freeing electrons from the
gas. These electrons consequently drift along the electrical field, eventually
reaching the endplates of the TPC where they are read out. During Run 1 and
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Figure 2.5: Schematic drawing of the ALICE TPC (left) and its readout plane (right). Figures
from Ref. [224]. Left figure was modified.

Run 2, the readout consisted of multi-wire proportional chambers (MWPC),
which amplify the incident electrons and direct them onto the pad plane where
the signal is detected. The setup is sketched on the right side of Fig. 2.5. The
endplates are partitioned into an inner and an outer chamber, each divided into
18 segments in ϕ and a total of 159 rows in the radius, totalling in more than
5.5 · 105 individual channels. By measuring both the position and the arrival
time of the clusters on the pad plane, the TPC provides a three-dimensional
picture of the particle trajectories crossing the detector. The maximum drift
time amounts to around 100 µs. After this time, the readout was closed by
a gating grid for 200 µs to remove the ions from the volume. The readout
of the TPC thus limited the rate capability of the ALICE detector to around
3 kHz. This has lead to the replacement of the readout by a gas electron
multiplier (GEM)-based continuous readout for the LHC Run 3 [226, 227].
In addition to position and time, also the amplitude of the TPC clusters is
measured, allowing to identify particles by their specific energy loss (dE/dx) in
the TPC gas. The energy loss is proportional to the square of the charge number
and related to the velocity through the Bethe-Bloch equation. The velocity is,
in turn, related to the momentum of the particles, which is determined from
the curvature of the tracks in the magnetic field. The relation between the
momentum p and the velocity β is given by

p = βγmc =
β

1 − β2
mc (2.1)
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where m is the mass of the particles and γ = β/(1 − β2) is the Lorentz fac-
tor. Measuring the momentum and the energy loss at the same time allows to
identify particles by their mass and charge. The particle identification (PID)
performance of the TPC is displayed in Fig. 2.6.
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Figure 2.6: Performance plot of the PID in the TPC, showing the energy loss as a function of
the momentum. The black lines correspond to parametrizations of the energy loss
of various particle species, ranging from electrons (e) to tritons (t). The bands of
the particles have a certain width due to the finite resolution of the measurement.
The energy loss exhibits a characteristic minimum at a value of βγ ≈ 3, resulting in
a crossing of the bands, which limits the performance of the particle identification.
Figure from Ref. [228].

2.2.3 Time-Of-Flight detector

The time-of-flight (TOF) [229] detector envelops the transition radiation de-
tector14 (TRD), which in turn wraps around the TPC. It consists of an array
of 1593 multi-gap resistive plate chambers (MRPC) placed at radii of 370 to
399 cm, providing an active area of around 140 m2. It thereby covers the full
14The transition radiation detector is useful for the separation of electrons and hadrons and contributes to the

tracking. It is not used in this analysis.
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acceptance of the central barrel detector, except for the PHOS hole, which is
explained in the next section. The time resolution amounts to 80 ps. The pur-
pose of the TOF detector is to extent the particle identification capabilities to
higher momenta where the energy loss bands of the particles overlap. It does so
by measuring the flight time of the particles, which allows to infer their velocity
by relating it to the integrated length of their trajectories. The velocity can
again be related to the momentum using Eq. (2.1). Since the resolution of the
calculated mass is momentum dependent, one often does not select based on
the mass, but uses a so-called banana cut in the p − β plane instead. This
allows to select on the distance between the measured and the nominal flight
time in multiples of the standard deviation (σ) of the resolution.
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Figure 2.7: The velocity β, measured by the time-of-flight and the integrated length of the
particle trajectories, is plotted against the particles’ momenta derived from the
curvature of the trajectories. The particles arrange in bands, which are separated
due to their different masses. Velocities greater than c occur due to the finite
resolution of the measurements. Figure from Ref. [230].

As depicted in Fig. 2.7, the particles converge to a common band one after an-
other, with the protons being separable up to around 4 GeV/c. For even higher
momenta there is another detector, the high momentum particle identification
detector (HMPID), which makes use of the Cherenkov radiation to differentiate
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between kaons and protons at momenta of up to 5 GeV/c. However, it only
covers 5% of the central barrel acceptance and is thus not used in this thesis.

2.2.4 Calorimeters

The central barrel detector of the ALICE setup contains three calorimeters,
which form the outermost part of the central barrel. These are the photon
spectrometer (PHOS) [231] and the electromagnetic calorimeter (EMCal) [232],
where the latter comprises two subdetectors, the ECal and the di-jet calorime-
ter (DCAL) [233].
The purpose of ECal and DCal is to measure electromagnetic probes such as
photons and improve the capabilities of ALICE to measure jets. The construc-
tion of ECal and DCal is the same, with both being lead polystyrene sampling
calorimeters. The ECal has a pseudorapidity coverage of |η| < 0.7 and covers
110° in azimuth. The DCal has the same pseudorapidity range, but covers only
60° in azimuth. The DCal is placed back-to-back to the ECal, enabling the
measurement of di-jets, hence the name.
The PHOS detector consists of lead tungstate crystals with a higher granu-
larity than EMCal. Located in between the DCal modules, it covers 70° in
azimuth, but only |η| < 0.12 in pseudorapidity. Since the PHOS detector aims
at measuring photons with low energies, it was necessary to reduce the material
budget in front of it to a minimum. Therefore, the modules of the TRD and
TOF detectors in front of the PHOS were omitted. This is referred to as the
PHOS hole.
In total, the coverage of the calorimeters accumulates to roughly 40% of the
full angular acceptance of the central barrel detector.

2.2.5 V0 detectors

The VZERO15 detectors [234] comprise two plastic scintillator arrays, called
V0A and V0C, located at forward (2.8 < η < 5.1) and backward (−3.7 < η <
−1.7) pseudorapidities. V0A is placed at a distance of 3.29 m to the interaction
point, while V0C is located at only 0.88 m due to constraints from the muon
arm. The VZERO detectors are used for triggering and the measurement of

15Also written as V0; not to be confused with the corresponding decay topology. In case of the decay topology,
the 0 is written in superscript (V0).

80



Chapter 2. The ALICE experiment

the luminosity.
The minimum-bias (MB) trigger requires at least one hit in both VZERO detec-
tors. The events triggered in this way do not correspond to the total inelastic pp
cross section, but the one which is visible to the VZERO detectors. The ratio
between the two cross sections can be determined from so-called van-der-Meer
scans [235]. One finds that the total inelastic cross section for pp collisions at a
center-of-mass energy of

√
s = 13 TeV amounts to (77.6 ± 1.0) mb. The visible

cross section is lower, as any trigger detector always has an efficiency below
unity. In the case of the VZERO detectors, it amounts to (57.8 ± 1.2) mb,
resulting in a ratio of 0.7448 ± 0.0190.
The VZERO also provides a high-multiplicity (HM) trigger, which requires that
the measured amplitude exceeds a threshold that is roughly 5 times larger than
the average amplitude. Out of all events with at least one particle in η < 1, the
events triggered in this way correspond to 0.17% of the ones with the highest
multiplicity. A large data set with roughly 109 events was recorded this way
and is eminently useful for femtoscopic analyses, as it provides particularly large
statistics of particle pairs. In particular, high-multiplicity triggered events are
also beneficial for studying systems containing strangeness, due to the enhanced
production of strangeness compared to low-multiplicity events [10].

2.3 Data processing

The data set used in this thesis has been collected between 2016 and 2018
during Run 2 of the LHC. It comprises pp collisions at

√
s = 13 TeV using

several triggers. As introduced in section 2.1, the upgrades performed during
the precursory long shutdown 1 (LS1) allowed to use a tight bunch spacing of
25 ns, resulting in a luminosity of 2·1034 cm−2s−1. A total integrated luminosity
of 0.098 pb−1 has been collected using the minimum-bias trigger (at nominal
and reduced magnetic field), 13 pb−1 using the V0 high-multiplicity (HM-V0)
trigger, and an additional 1.1 pb−1 using the SPD high-multiplicity (HM-SPD)
trigger [236]. Not all of the collected events are used for physics analysis. Event
selections are applied to ensure a good vertex quality and to reject pile-up.
This is done by a predefined physics selection macro using default selections.
Additionally, events are rejected if the vertex position is further than 10 cm away
from the nominal interaction point. Around 40% of the events are rejected by
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the event selections. After the selections, around 1.8·109 MB events (at nominal
field), 1·109 HM-V0 events and 3·108 HM-SPD events were available for analysis.
Since the mean multiplicities of HM-V0 and HM-SPD triggered events are very
similar and no sizeable correlation between the multiplicity in the SPD and the
Σ+ yield is expected, both triggers will not be distinguished in the following
and will only be labelled as high-multiplicity (HM).

2.3.1 Tracking

The ALICE detector consists of several subdetectors, some of which have been
introduced in sections 2.2.1 to 2.2.5. The subdetectors themselves comprise
numerous individual channels, resulting in large amounts of raw data, which
needs to be shipped, stored, and processed. The raw data is extremely high-
dimensional, but has very low informational value. In the process of tracking,
this data is converted to lower-dimensional objects like tracks, associated with
physical particles, which have high informational value and allow to extract the
relevant physics principles.
The tracking in the central barrel is a multi-stage process, which subsequently
joins the individual detector data in an optimized way in order to make best
use of it [218, 223, 237]. The procedure is performed within the AliROOT
framework [238] and will be sketched in the following.
The reconstruction starts from individual detector clusters, characterized by
position, time, and amplitude. At first, the two SPD layers are used to get a
first estimate of the interaction vertex. This is done by pairing clusters in the
SPD and fitting the intersection of those minimal tracklets. This preliminary
vertex is used together with two clusters from the outermost part of the TPC as
track seeds. The track seeds are then prolonged inwards through the TPC using
a Kalman filter approach [218, 223, 239], which will be discussed in section 3.1.
The resulting TPC-only tracks are subsequently propagated to attach the other
detectors. Using the TPC-only tracks as seeds, the ITS clusters are added
to the tracks layer by layer. In this step, multiple hypotheses of each track
are preserved, fitted, and the best one is selected based on its χ2. Unused
ITS clusters are used to build ITS-only tracks that have no prolongation to
the TPC. Once the ITS information is included, the tracks are propagated
back to the outer radius of the TPC and the TRD tracklets are added to the
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tracks. Propagating further, the tracks are matched to hits in the TOF or the
calorimeters, if available. During the outward propagation, the track length
is determined by integration for PID purposes. Finally, the obtained so-called
global tracks are propagated back to the interaction point. After removing
outliers and secondaries, the primary vertex is fitted again with much higher
precision using the global tracks. The distance of closest approach (DCA)
between the tracks and the final vertex is calculated and stored to the tracks.
Once all tracks are reconstructed, they are matched in the search for secondary
decay vertices, as described in the following section. The reconstructed data is
stored in the event summary data (ESD) format. To reduce the computational
cost of user analyses, this data is filtered into the analysis oriented data (AOD)
format [240].

2.3.2 Online secondary reconstruction

After the reconstruction of the tracks, the search for secondary vertices, stem-
ming either from weak decays or photon conversions, is carried out. During
Run 1 and Run 2, this was accomplished by the so-called on-the-fly finder dur-
ing the tracking and an offline finder after the tracking [218, 223, 237]. Three
kinds of topologies are thereby reconstructed. One stems from neutral particles
decaying into two oppositely charged tracks, which suddenly appear16 from a
common vertex, exhibiting a characteristic V-shaped topology, which is why
they are referred to as V0s. The second one stems from short-lived charged
particles, which exhibit an intermediate decay into a charged particle and a V0.
This topology is referred to as a cascade decay, while the single charged track
is called bachelor track. The third topology are kinked tracks. The particles
exhibiting such decays are discussed later.
The finding of secondary vertices starts by pairing unlike-sign particles. To re-
duce the combinatorics and thus the CPU-time and to suppress primary parti-
cles, a minimum DCA of the used tracks to the primary vertex is required. Sub-
sequently, the decay vertex is calculated as the point of closest approach (PCA)
and selections are applied on the minimum distance of the tracks and on the co-
sine of the pointing angle (CPA) to remove unrelated pairs. Here, the pointing
angle (PA) is the angle between the momentum vector and the vector pointing

16Since the mother particle is neutral, it is not visible in the detectors.
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from the primary to the secondary vertex.
In the next step, the cascades are reconstructed by matching the previously
found V0s with an additional bachelor track. Since the V0s are not primary in
this case, the CPA selection is relaxed and a selection on the invariant mass of
the Λ hyperon17 is used instead. Finally, a rather strong selection on the CPA
of the cascade is applied [218, 223, 237].
The advantages of the reconstruction of secondaries already during the track-
ing are major, but there are also disadvantages, which will be discussed in the
following. By reconstructing secondary vertices during the tracking when the
information on the individual detector clusters is still present, tracks that are
likely to originate from a decay can be refitted using this assumption, signifi-
cantly improving the momentum resolution. Tracks stemming from the decay
of a neutral particle may not cause hits before their decay vertex and one uses
this causality information by requiring that the reconstructed decay vertex is
closer to the primary vertex than any of the clusters associated to one of the
two tracks stemming from this vertex. By doing so, one can make best use of
the full detector information, which is not possible at the analysis level, where
the individual clusters that contributed to the tracks are not preserved and a
refitting of the tracks is not possible. Since storage is limited, tracks are only
kept if they meet certain quality criteria. For instance, a maximum allowed
DCA to the primary vertex is enforced. Secondaries, particularly soft elec-
trons from photon conversions in the outer layers of the ITS, may fail to meet
these requirements, severely affecting the achievable reconstruction efficiency.
Therefore, the on-the-fly finder provides a significantly higher resolution and
efficiency than offline finders [218, 223, 237].
The downsides of the online reconstruction are related to the fact that it makes
use of information, which is not available anymore at the analysis level. This
means that its not possible to rerun the reconstruction procedure at any later
moment to change the settings. Changing the settings is, however, useful for
two particular reasons. On the one hand, variations of the selections are typi-
cally used to test how well the data is described by the Monte Carlo simulation
and is thus used as a measure to quantify the systematic uncertainties of the
efficiency correction [241, 242]. Such variations are still possible offline, but only
in one direction, i.e. stronger selections. On the other hand, one might want

17As will be discussed later, for both particles exhibiting this decay topology, Ξ− and Ω−, the V0 is a Λ [9].
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to loosen or drop a selection which is unsuited for a particular analysis. This
is the case for the analysis presented in this thesis. The selection on the CPA
applied to the V0s is based on the assumption that the V0s originate from the
primary vertex, which is not the case for the photons from the Σ+ decay. For-
tunately, the selection on the CPA was quite loose in pp collisions, and hence
the reconstruction of the Σ+ is still possible, as reported in this thesis.
It has been discussed [243] how the on-the-fly finding of secondaries could be
improved in future runs. One option is to consider more particles in the recon-
struction, i.e. widen the view from primary V0s and cascades to other eventually
more complicated decay topologies. Also, it has been discussed [243] to drop the
pointing angle selection for V0s which instead fulfil a selection on the invariant
mass. This could significantly improve the efficiency of secondary photons and
Λs without causing unmanageable amounts of data.
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In this chapter, some of the software tools that have been used will be in-
troduced. During Run 1 and Run 2, the reconstruction of the raw detector
data as well as the detector simulations were performed within the AliRoot
framework [238]. The code of the user analyses is contained in the AliPhysics
framework [244] and runs on the reconstructed data. Both AliRoot and Ali-
Physics build on top of the ROOT framework [245] and were developed by and
for the ALICE collaboration. ROOT is a very versatile framework for handling,
analyzing, and visualizing large amounts of data and is therefore used by nu-
merous experiments all over the world. As it is extensively documented [246], a
dedicated introduction shall be foregone at this point. All figures in this thesis
were created using ROOT unless stated differently.
In addition to these three frameworks, multiple libraries have been used at cer-
tain steps of the analysis. The KFParticle package [247] is used for the recon-
struction of the Σ+. It is based on the Kalman Filter, which will be introduced
in section 3.1.
For the particle selection in chapter 5, a machine learning approach is used.
Therefore, Hipe4ML [248], Optuna [249], and XGBoost [250] were employed.
These libraries will be further introduced in the corresponding chapters, while
the principle concepts and considerations of machine learning will be addressed
in section 3.2.
For the simulations and data comparison, the generator families PYTHIA and
EPOS were used, while the detector simulations were handled by GEANT4 [251–
253]. PYTHIA [62, 95] and EPOS [63, 96–99] were discussed in section 1.2.2 in
the introductory chapter, while GEANT4 will be discussed in section 4.2.
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3.1 Kalman filter

Detectors and sensors are not only used in experimental settings, but also used
in many real-world technical applications to an increasing extent. Very often,
one is faced with the difficulty that the quantities of interest are not directly
observable and that the data of multiple detectors has to be combined to ob-
tain the desired result. Aggravatingly, the systems are typically dynamical, i.e.
change over time, and the sensor data is blurred by noise. In this regard, power-
ful algorithms are needed to combine the available information in an optimized
way. One of these algorithms is the so-called Kalman Filter. The Kalman Fil-
ter is named after Rudolf Kalman [239] who introduced it in 1960, even though
similar algorithms existed before [254]. It is well worth to note that it was very
quickly and successfully used in the Apollo missions to calculate the trajectories
of the flight to the moon [255].
Despite the technical name and the lengthly underlying mathematics, the con-
cept of the Kalman Filter can be sketched quite easily. The calculation pro-
cedure is iterative. The whole information about the system is contained in
a state vector, which contains its current state and its dynamics, as well as
their uncertainty including all correlations, i.e. the covariance matrix. There-
fore, information about previous iterations is not required, which reduces the
memory requirements. Each iteration contains two distinct steps. Firstly, the
current state is propagated by one time step by making use of an underlying
motion model. The uncertainty is also propagated. The result is a prediction of
the system state at this time step. Secondly, the new information is added by
a weighted average, considering the uncertainty of the prediction and the one
of the new measurement, respectively. With this, the state vector is updated
accordingly. The proper treatment of the uncertainties is thereby of particular
importance, as otherwise a new measurement would be given too much or too
little weight, distorting the result.
In experiments like ALICE, one often seeks to reconstruct particle trajectories
and derive quantities from them, for instance the momentum of a particle from
the curvature of the trajectory. Considering the ALICE detector introduced in
chapter 2, it becomes apparent that measurements of the particles’ position are
only available at discrete radii, for instance at the layers of the ITS or the rows of
the TPC. These measurements naturally come with uncertainty and aggravat-
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ingly it is a priori not known which data points belong to a given track. In this
setting, the Kalman approach can be applied successfully [218, 223, 237, 256].
Starting from a seed, the track is propagated to the next layer using the motion
model, which would in this case be the curvature in the magnetic field, and
a prediction is made. At the next layer, it is checked if there is a compatible
detector hit, and if so, it is added to the track and its state is updated accord-
ingly. This procedure is continued until the full track is reconstructed.
The reconstruction of weakly decaying particles from daughter tracks can also
be done in a similar way. Here, each contributing track, vertex, or mass con-
straint can act as a measurement and can be added to the mother particle
consecutively using the Kalman approach. The Kalman Filter is implemented
in the KFParticle package [247]. KFParticle has originally been developed for
the CBM [257] experiment and is also used by the ALICE experiment by de-
fault. Meanwhile, it is furthermore used by a series of other experiments due to
its versatile features, straightforward implementation, and outstanding perfor-
mance. In KFParticle, each particle is represented by an 8-dimensional state
vector, which contains the position and momentum (3 dimensions each), the
energy, and the decay-length-over-momentum ratio. The covariance matrix
is represented in the lower triangular form, thus containing 36 entries. The
charge is also saved, yet not part of the state vector, as it is important for the
propagation in a magnetic field, but remains unchanged. The same holds for
additional parameters like track IDs or PDG codes [9] for MC purposes. The
KF-particles can be initialized from a track object. Mother particles can then
easily be created by adding the daughters and all relevant properties of the
mother particle, including the covariance matrix, are automatically computed.
The reconstruction automatically gives access to the decay vertex and the dis-
tances of the particles to this vertex. This information can for instance be
used for the particle selection, which will be extensively discussed in the next
chapters.

3.2 Machine learning

As explained in sections 2.3.1 and 2.3.2, tracking algorithms provide particle
tracks and other pre-reconstructed topologies. For physics analyses, the ana-
lyzer is often faced with the task to select from these certain particles of interest.
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In case of directly observed particles like protons, this is comparably straight
forward as the number of observables is limited. These might, for instance, be
PID information, DCA to the primary vertex, and the fit quality of the track.
In case of reconstructed particles though, the amount of observables escalates.
This is particularly the case for particles reconstructed in multiple steps. In
these cases, not only the properties of the tracks used to build the particles
are of interest, but also distances or angles between particles, pointing angles,
invariant masses of intermediate particles, and others can be used to select the
particles of interest. A good particle identification is crucial in these cases, as
there is typically a large amount of combinatorics to be suppressed [258, 259].
The aforementioned variables are often directly or indirectly correlated with
each other. For instance, the energy loss in the TPC gas is correlated with
the velocity of the particle and its charge, while the velocity is again correlated
with the particles’ momentum through its mass. Any of such correlations can
be visualized as a line in an n-dimensional hyperspace where a particle, fulfilling
all correlations at the same time, would lie on a crossing point of all lines. Due
to resolution effects, the crossing point is really rather an ellipsoid, but still it
is often unlikely for background candidates to fulfil multiple correlations at the
same time, leading to a superiority of a multivariate selection.
However, standard particle selections barely make use of correlations. This
is because correlations between more than two variables are difficult to find
and visualize and a multivariate selection is almost impossible to implement
by hand. This, in turn, leads to non-optimal purities and selection efficiencies.
In this regard, tools that recognize patterns in data in an automatized way
appear to be very attractive. This has lead to an increased interest in machine
learning (ML) in the field of high-energy physics in the previous years [260–262].
In fact, machine learning tools are capable of significantly improving analyses.
However, one needs to be aware of the limitations and pitfalls that there are.
Any machine learning model will derive certain patterns in order to classify
the data. How complicated a model has to be to obtain an ideal classification
is an important question to be considered. In order to monitor this, a data
set is typically divided into a training sample and a testing sample. While
the model is trained on the training set, its performance is evaluated using
the testing set. A too simple model will underfit the data, meaning that it is
not capable of describing the present data patterns sufficiently. The result is a
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high variance in the output and a non-optimal separation between signal and
background. In contrast, a too complex model will fit the training data too
closely. It will thereby “learn” properties that are specific to the training data
set, i.e. fluctuations, that are not generalizable and lead to a bias. This case
is called overfitting, while the general problem is referred to as bias-variance
trade-off [263, 264]. Overfitting can lead to a situation where a model memorizes
individual entries of the training set. In this case, the model will perform signif-
icantly better on the training than the testing set, which can be easily checked.
In any case, both under- and overfitting will degrade the goodness of the clas-
sification, and therefore a thorough tuning of the algorithm-specific adjusting
screws is required. Those adjusting screws are referred to as hyperparameters
and will be discussed later [263–265]. It is very important to understand the
meaning of the hyperparameters of a given model in order to optimize them.
In most cases, however, there is no easy way to find the optimal settings and
the optimization has to be done by the method of brute force [249, 263, 264].
There are tools that try to make the process as efficient as possible. The most
simple one is a grid search, which uses a grid of discrete values. In this method,
the number of necessary trials quickly escalates with the amount of hyperpa-
rameters, a problem known as “curse of dimensionality” [263]. Alternatively,
gradient-based algorithms can be used, which try to descend into an optimum
along the gradients calculated from previous trials. The issue with such al-
gorithms is that they can get stuck in local extrema, rather than finding the
global optimum. Therefore, more advanced algorithms use a combined method,
making use of found gradients, but also exploring the surroundings at the same
time [249, 266].
In any case, machine learning is not a “free lunch”, as it replaces a large number
of easily interpretable parameters by a smaller amount of parameters, which are
hard to interpret, no less correlated, and computationally costly to tune. This
has to be taken into consideration before using machine learning for an analy-
sis [249].
Machine learning is a broad field and many algorithms and implementations ex-
ist. The algorithms can be roughly divided into supervised, unsupervised, and
reinforced learning. In case of high-energy physics, Monte Carlo simulations
are available, providing labelled data sets. This allows the usage of super-
vised learning models [263]. Examples for these are artificial neural networks
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and boosted decision trees (BDT). The following section will focus on boosted
decision trees, as these are used in this thesis.

3.2.1 Boosted decision trees

A decision tree is a simple and intuitive concept of classification18 [263, 264]. It
consists of a sequence of questions, so-called nodes, with two paths originating
from each node. The topmost node is called root node, while the bottommost
node is called leaf node and represents the output. Due to this structure, each
node depends on all previous ones. The advantage of using (boosted) decision
trees is that they are rather easy to interpret and thus allow to include domain
knowledge by placing interaction constraints. They also perform rather well
on small data sets, which is important when the statistics of the simulations is
limited. The main drawback is that such models are highly prone to overfitting,
which needs careful consideration [263–265]. In order to understand the training
of a decision tree and “unpack” the black box, one first of all needs to understand
what a “model” actually is. A model is just a mathematical function, which
relates input parameters xji to a target variable yi [265]. Here, the predicted
output value is commonly represented by a hat (ŷi). A simple example of such
a function is a linear combination of the input parameters multiplied by weights
θj [250, 265]

ŷi =
∑

j

θjxji. (3.1)

Here, j is the index of the input parameters going into the calculation of target
variable y and i is the index of the data point. In this example, the weights
θj are the parameters to be trained. In order to do so, one defines a so-called
objective function which consists of two terms. The first one is the so-called
loss function and the second one is the regularization term. The loss function
quantifies the predictiveness of the model. One choice of the loss function L,
common for fitting problems, is the mean square error (also called L2), which
can be written as [250, 265]

L(θ) =
1

N

N
∑

i

(ŷi(θ) − yi)
2 (3.2)

18For a review of the rich history of decision trees for classification and regression problems see for instance
Ref. [267].
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where N is the number of data points in the training sample. The second term
of the objective function, commonly referred to as the regularization term, is
rather abstract, but vividly its purpose is to give complexity a prize. The
loss function alone would, by construction, quickly lead to overfitting and thus
needs to be balanced. With the objective function defined, training the machine
learning model comes down to an optimization problem.
Since it is difficult to come up with a complicated classification model from
scratch, so-called ensemble techniques are used to build a decision tree from
multiple simple ones. While multiple variations of this technique exist, this
section will only focus on one of them, the boosting method. Boosting is an
iterative procedure in which in every step a so-called weak learner is trained
and sequentially added [250]. A weak learner often only includes one feature of
the data and only performs slightly better than a random guess. Every new
weak learner tries to correct the mistakes that the current model made. The
new tree is then added to the current model to improve it. In order to avoid
overfitting, the weak learner is not added fully, but is weighted by a factor.
This factor is called learning rate or shrinkage and is one of the hyperparam-
eters of the boosted decision tree. A smaller value increases the number of
iterations needed to fit the model to the training data, but also makes it more
robust against overfitting. Typical values are 0.1 or less. The learning rate is
connected to another hyperparameter, which is the number of estimators, i.e.
the number of weak learners that are trained. A small learning rate requires
a higher number of estimators for successful training. The third hyperparam-
eter is the maximum depth of the tree, which adjusts the complexity. The
maximum reasonable depth equals the number of variables minus one, which
would mean that all variables are correlated. Typically, smaller values are rec-
ommended [264, 265]. Furthermore, many other hyperparameters exist, which
might be used. For instance, it is possible to subsample the data in every iter-
ation or to add weights to the loss or regularization term [265].
Gradient boosting [268, 269] is an advancement of boosting, which fits so-called
pseudo-residuals instead of standard residuals that correspond to gradients of
the loss function with respect to the prediction. The method requires the loss
function to be differentiable, but allows it to be otherwise arbitrary, increasing
the flexibility of the model.
Once the training is done, the model outputs a score for each particle candidate,
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indicating the likelihood of being signal. The cut-off value used in the analysis
might be tuned for the particular need, for instance optimal significance or op-
timal purity. The value might also be momentum dependent.
In order to tune the hyperparameters, it is useful to condense the goodness of
the classification into a single parameter. This is typically done by scanning
over the output scores (from 0 to 1) and thereby plotting the true positive rate
against the false positive rate. The true positive rate is also called sensitivity;
it resembles the efficiency of the selection. The false positive rate gives the
fraction of background counts in the selected sample, i.e. 1-purity. The result
is a characteristic curve known as the receiver operating characteristic (ROC)
curve. The area under the curve (AUC) is thereby referred to as the ROC-AUC
score [263, 265]. A perfect classification has a value of 1, while a purely random
selection has a value of 0.5. One must note that the ROC-AUC score depends
on the composition of the training and testing sample and is thus specific to
a given use case. Therefore, caution is advised if one wants to draw general
conclusions on the goodness of the classification from it. Also, one must note
that the ROC-AUC score has a statistical uncertainty, which is often not shown.
There is no point in optimizing the score on a level which is not statistically
resolved, as the best value found this way is random.
In this thesis, the machine learning library XGBoost [250] is used. In the recent
years, XGBoost has gained popularity, particularly in the field of high-energy
physics after winning the “HEP meets ML” award during the “Higgs Machine
Learning Challenge” in 2014.
The library Hipe4ML [248] is a minimalistic python interface, easing the use
of XGBoost by providing an interface to ROOT [245] files and ROOT tree ob-
jects.
For the optimization of the hyperparameters, the framework Optuna [249] is
at hand, which uses a sampler based on the tree-structured Parzen estima-
tor (TPE) [266] that builds a so-called surrogate probability model from previ-
ous trials to estimate the dependence of the ROC-AUC score on the hyperpa-
rameters, which allows to guess the next promising trial efficiently.
A common drawback of machine learning is the lack of interpretability. A
model might produce a single value from a set of parameters and it is not ob-
vious how the parameters contributed to this value. This makes it challenging
for third parties and the analyzer itself to judge if the model is reasonable. One
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way to interpret a model is to consider the feature importances, which indicate
the impact of the input parameters on the total output. A popular concept
uses so-called shapley (or shap19) values, which originate from game theory and
are named after Lloyd Shapley [270]. The value measures the mean impact of
the parameter on the output, given all combinations of the other parameters.
Considering this value is interesting, as it does not only probe the individual
importance of the parameters, but also the synergies that come by adding the
particular parameter. The open-source framework shap [271] allows a straight
forward calculation of the shap values for various tree-based machine learning
models, including XGBoost.

Pitfalls

Despite the advantages of machine learning, one needs to carefully consider
the pitfalls that come with it. As discussed, any tuning of the hyperparame-
ters is a trade-off between bias and variance, i.e. a bias can generally not be
completely avoided without ruining the variance. Thus, a model will typically
perform at least slightly better on the training sample than on the testing sam-
ple. Since this could bias the efficiency correction and the purity evaluation,
one should abstain from evaluating such quantities with the same data set used
for the training. Since this cuts down the available statistics to evaluate the
efficiency, which might be a bottleneck in some analyses, one may consider a
cross training, similar to a cross validation optimization [248]. Therefore, the
data is partitioned in two so-called folds, each containing half of the statistics
and two models are trained independently using one of the folds. The models
are subsequently applied to the other fold and finally the folds are merged.
Apart from model biases, one also needs to consider biases stemming from the
simulation. As it will be discussed in section 4.3.4 in more detail, simulations
are only capable of reproducing the reality with a finite accuracy, leading to
systematic uncertainties. A machine learning model might make odd selections
that one would not do by hand, potentially enhancing the systematic uncer-
tainties [272]. In any case, one needs to vary the selections to quantify the
uncertainty. In machine learning this can be challenging, as there is only a
single value to modify and there is no linear response of any of the observables

19Abbreviation or acronym for “Shapley additive explanation” [271].
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on the output score [263, 264, 272]. Thus, the systematic uncertainty can easily
be underestimated.
For these reasons, classical selections are used instead of machine learning for
the analysis of the production spectra of Σ+ presented in chapter 4. For the
analysis of the p–Σ+ correlation function presented in chapter 5, however, the
advantages of machine learning outweigh its drawbacks and thus it will be used
there.
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Heavy-ion experiments are optimized for the measurement of particles that
are charged. Such particles interact with the tracking detectors losing energy,
allowing to reconstruct their trajectories, given that their lifetime is long enough
to traverse sufficient detector material. Sufficient in this regard means that at
least three detector hits need to be measured, as otherwise no curvature can be
determined. This is the case for frequently measured particles like electrons,
muons, pions, kaons, protons, and also for light nuclei. However, if a particle
is neutral, it is not possible to track it directly. On the other hand, some
particles might still be measured if they decay into charged particles within the
detector, exhibiting a V0 topology, as described in section 2.3.2. Essentially,
only three particle species exhibit such a topology; the Λ baryon decaying into
a proton and a π−, the K0

S decaying into two oppositely charged pions, and the
photon converting into an electron–positron pair [9]. One may note that some
rare probes like the hypertriton can also decay in a V0 topology [9]. Similarly,
charged particles which are too short-lived to be tracked directly might be
reconstructed as a cascade. This is the case for the Ξ− baryon decaying into
a Λ and a π− and the Ω− decaying into a Λ and a K− [9]. In addition, long-
lived neutral particles like (anti-)neutrons might be measured in calorimeters,
although this has limited application due to limitations in the resolution and
the identification of such particles.
The ground-state Σ baryons, namely the Σ−, Σ0, and Σ+, fall into a gap between
those cases. They are too short-lived to be measured directly (Σ±) or neutral
(Σ0) and they do not have a purely charged decay channel20. The Σ− only decays
into a π− and a neutron [9] that cannot be measured by ALICE. However, it has
been demonstrated that anti-neutrons can eventually be measured in the PHOS
calorimeter, which will be discussed later. The Σ0 decays almost exclusively

20One may note that rare semi-leptonic decay channels exist which do not feature neutral daughters. However,
their branching ratios are extremely low and not well known, making them rather unsuited for precise
measurements [9].
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into a Λ and a photon [9], which themselves can be measured as discussed.
However, this comes with the pitfall that the Σ0 is so short-lived [9] that its
daughters cannot be distinguished from primary particles, which itself limits the
maximum achievable purity to the Σ0/Λ ratio. This makes the peak extraction
complicated and hinders femtoscopic measurement, which will be addressed in
chapter 5. For these reasons, this thesis focusses on the reconstruction of the Σ+.
It decays into a proton and a neutral pion with a branching ratio of 51.57% [9].
The neutral pion decays almost instantly into two photons. The lifetime (cτ) of
the Σ+ amounts to 2.4 cm [9], which is sufficiently long to reconstruct the decay
topology, enabling high purities. The caveat in this case is the extremely low
reconstruction efficiency. The reason for this will be discussed in section 4.2.2.
Within this thesis, it was possible to increase the reconstruction efficiency by
several orders of magnitude, enabling the measurement of the production cross
section and the interaction of Σ+ with protons for the first time.
As already elaborated above, the Σ+ is reconstructed by exploiting its decay
into a proton and a pion, i.e. Σ+→ p + π0 with π0 → γ + γ [9].
Particles and anti-particles are produced in roughly equal amounts at the LHC
and their reconstruction and selection is no different. Thus, in the following
“proton” (p) will be used for protons and anti-protons (p̄) and “Σ+” for Σ+ and
its anti-particle Σ

−
. Likewise, the tuple “p–Σ+” will refer to p–Σ+ as well as

p̄–Σ
−

, unless stated differently.

4.1 Σ+ reconstruction

The measurement of the Σ+ strongly relies on the reconstruction of its de-
cay vertex, which allows to suppress the background by applying topological
selections and also allows to construct an energy correction, as explained in sec-
tion 4.1.2. Therefore, one can make use of the relatively long lifetime of the Σ+

of cτ = 2.4 cm and the extremely short lifetime of the π0 of cτ = 25.5 nm [9].
The path length of the π0 is far below the experimental resolution and thus one
can assume that the proton and the photons originate from a common vertex
that will in the following be referred to as the secondary vertex.
The secondary vertex is reconstructed using a Kalman Filter [239] implemented
in KFParticle [247] as described in section 3.1. For this, it is of course nec-
essary to know the momentum components of at least one of the photons by
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measuring it through its conversion into an electron–positron pair as elabo-
rated in section 2.3.2. In fact, there is no major difference in the resolution of
the secondary vertex using one or two conversion photons, as the proton track
strongly dominates the fit due to its smaller covariance matrix and the much
shorter propagation distance.
For the proton, the position and momentum vector as well as the covariance
matrix are taken at the primary vertex, while for the photons these quanti-
ties are taken at the conversion vertex. Within KFParticle, the protons are
propagated outwards and the photons inwards towards their point of closest
approach.
In the case of the calorimeter photons, where the momentum components are
not directly accessible, they are constructed by the connecting line between the
secondary vertex and the position of the calorimeter cluster. This vector is then
normalized and scaled by the energy deposited in the calorimeter to find the
momentum vector.
The selections have been tuned to the MC simulation described in section 4.2.1.
The proton selection will be discussed in section 4.1.1 and the photon and sub-
sequent π0 selection in section 4.1.2. The protons and pions are paired to
construct the Σ+. The final selections will be discussed in section 4.1.3.
The distributions of the discussed quantities will be spared in this chapter; a
comprehensive collection of these distributions can be found in Fig. 5.6, 5.7,
and 5.17 on page 148, 149, and 162, respectively.

4.1.1 Proton selection

The protons for the reconstruction of the Σ+ are selected from the track array
using the selections specified below. These selections are rather coarse and pri-
oritize efficiency over purity, providing a preselection that enhances secondaries.
The main selection of the Σ+ is done via the topological selections described in
section 4.1.3.
The proton tracks are required to be in the detector acceptance (|η| < 0.9) and
have at least 60 clusters in the TPC. This ensures a reasonable track quality,
while one may note that in the filtering of the ESDs to the AODs (see sec-
tion 2.3.1) also additional quality selections are applied. For the identification,
the particles are selected by their specific energy loss in the TPC within a 3σ
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band around the parametrized value. Above a momentum of 0.9 GeV/c where
the TPC bands start to cross, a 3σ TOF selection is applied. However, the
TOF selection is only applied if the track has an associated TOF hit, which
holds true only for a fraction of the protons that is as low as 30% at 0.9 GeV/c.
To make best use of the weak nature of the Σ+ decay, the DCA to the primary
vertex in the xy-plane (DCAxy, i.e. perpendicular to the beam direction) is re-
quired to be larger than 100 µm, which effectively suppresses primary protons.
The distributions of the proton features are displayed in Fig. 5.17 on page 162.

4.1.2 π0 measurement

ALICE generally provides two possibilities to measure photons [273]. One is
to measure the photons in the calorimeters (see section 2.2.4) and the other
is the so-called photon conversion method (PCM) [273]. PCM is based on the
fact that photons, even though they are stable in vacuum, can convert into
an electron–positron pair in the presence of an external electrical field through
a process called photon conversion. A strong electrical field is present in the
proximity of a nucleus, which will take the recoil momentum, thus allowing
the fulfilment of the conservation of momentum and energy at the same time.
The converted photons form a V0 topology, which is found by the V0 finder as
outlined before. The advantages of PCM over calorimetry are major. These
include the reach to lower momenta, the higher resolution, and the signifi-
cantly better particle identification and thus higher purity. Moreover, PCM
gives access to the momentum components, i.e. the direction of the photon,
which enables the separation of primary and secondary photons as well as the
reconstruction of the secondary vertex from which the photon originated. Such
advantages come with the price of a very low reconstruction efficiency due to
the low conversion probability, which comes from the purposely minimized ma-
terial budget [216, 223].
Two methods of photon reconstruction result in three options to measure the
neutral pion, one using PCM alone, one using only the calorimeters, and a com-
bined method, reconstructing one photon via PCM and one in the calorimeters.
All of these methods have been successfully applied for measuring the π0 and
also the η meson that also decays into two photons [273].
Considering the low conversion probability, a precursory study investigated the
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possibility to reconstruct the Σ+ using only the PHOS detector [274]. Indeed, a
peak in the invariant-mass spectrum could be seen, however, it only contained
O(100) signal counts situated on an overwhelming background. Consequently,
only 2 bins in pT could be extracted, starting at 3.25 GeV/c, making it difficult
to draw any quantitative conclusions from this data, not least because of the
sizeable statistical and systematic uncertainties. Thus, for this work, it was
concluded that at least one PCM photon is necessary for a significant measure-
ment of Σ+.
The combined method is thereby particularly attractive since it combines the
advantages of both methods. PCM opens up the low-momentum regime, while
the calorimeters improve the overall efficiency. One may also note that the fact
that both photons can convert, but only one conversion is required, improves
the efficiency again by almost a factor of two. If the conversion probability is
p, the probability that exactly one photon converts is given by 2 · p · (1 − p),
which compares to a probability of p2 for two conversions. Assuming a conver-
sion probability of 8%, this results in a 23 times higher probability to have one
instead of two conversions.
In case of Σ+, however, most of the momentum is carried by the proton. A
study using a phase space simulation21 found that on average only 11% of the
momentum is carried by each photon. Therefore, a low momentum reach of the
photon reconstruction is of major importance. Furthermore, the momentum
components of the photons are indispensable to reconstruct the decay vertex of
the Σ+, which is important to obtain a high purity. Also, the higher resolution
must be taken into account. With these considerations, choosing the PCM-
only method seems most reasonable. It will be referred to as the PCM-PCM
method in the following. While it was possible to obtain a clear peak of the Σ+

and determine its integrated yield with this method for the first time at LHC
energies, the statistics is severely affected by the low reconstruction efficiency,
which can be seen in Fig. 4.15 on page 124.
Due to the low statistics, the first measurable transverse-momentum bin starts
at 1.5 GeV/c using the high-multiplicity trigger, while in minimum bias only
a coarse binning with a bin width of 1 GeV/c could be used. Both results in
sizeable uncertainties of the integrated yields. Also, only around 10’000 Σ+

could be reconstructed in total, making a femtoscopic measurement unfeasible.

21The study was performed using “TGenPhaseSpace” which is implemented in ROOT [245].
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Therefore, also the combined method was studied. It has been found that the
secondary vertex can be reconstructed using only the momentum components of
one photon. Using this vertex, it is possible to use selections for the calorimeter
clusters that differ significantly from the standard selections and to construct
an energy correction, which restores the resolution, thereby improving both the
efficiency and the resolution substantially. This will be discussed in the follow-
ing sections.
Because of its superior performance, the combined method is used as a default
for the pT spectra; it will be referred to as the PCM-Calo method in the fol-
lowing. Nevertheless, the PCM-PCM method serves as a valuable cross check.
In the following sections, the selections applied to the photons are discussed.
The selected photon candidates are paired to construct the π0s. The π0s are
selected by their invariant mass, requiring a lower limit of 0.1 GeV/c2. As the
upper limit, 0.15 GeV/c2 is used for the PCM-PCM method and 0.16 GeV/c2

for the PCM-Calo method.

Conversion photons

The conversion photons are reconstructed as V0s, as explained in section 2.3.2.
Their selection is comparably easy and allows very high purities without the
need for drastic selections. This is due to the distinct topology and kinematic
relations, which allow to distinguish the V0s from the background and from one
another without the need for prior track selections. Thus, V0s can be used in
the calibration of the PID, as they can provide almost pure samples of electrons
(from γ), pions (from Λ and K0

S), and protons (from Λ) in data. Following this
approach, the selections on the V0 candidate daughters are coarse. A 5σ selec-
tion in the TPC PID is applied and already rejects a sizeable fraction of the
background from Λ and K0

S. Only 30 TPC clusters are required and also the
selection in the pseudorapidity η is relaxed to 1.1 from the usual value of 0.9.
This considers that the photon daughter tracks are often shorter in length and
curled more due to their low momenta.
The kinematic relation of the V0 daughters can be well visualized in the so-
called Armenteros-Podolanski plot [275]. The plot opposes the asymmetry in
the longitudinal momentum p±

L of the V0, α = (p+
L − p−

L)/(p+
L + p−

L), and the
transverse momentum qT, where both quantities are considered with respect to
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the flight direction of the V0. It is depicted in Fig. 4.1. As visible in the figure,
particles of different identities form semi-ellipses, which are centered around
α = 0 for symmetric decays (γ, K0

S) and shifted for asymmetric ones (Λ, Λ̄).
In this plane, photons are located around qT = 0. The reason for this is that
any transverse momentum qT must come from the energy released in the decay.
This is 0 in the case of photons, as their rest mass is smaller than the one of
the decay daughters, making them stable in the absence of an external field.
Following this consideration, the photons are selected within qT < 0.03 GeV/c
and |α| < 0.9. Additionally, the opening angle of the V0 is restricted to 0.3 rad
and the difference in the θ coordinate, which gives the angle between the track
and the magnetic field, is restricted to 0.1 rad. Assuming the electron mass for
both tracks, the invariant mass of the V0 is calculated and is required to be
less than 0.06 GeV/c2. Interestingly, the mass of the photons does not have to
be strictly 0 due to the presence of Dalitz decays of the π0s involving virtual
photons [9]. However, those cannot be distinguished from conversions within
the resolution and thus they are treated equally.
The selections stated above seem similar, raising the question of their infor-
mational value. However, except for qT and the invariant mass, no strong
correlations are present between the selected quantities, which is well visible in
Fig. 5.4 on page 145. Thus, selecting on all of these quantities helps to suppress
the background.

Calorimeter photons

As elaborated in section 4.1, the reconstruction of the Σ+ only makes use of
the position of the clusters. A rough selection on the energy is made through
the selection on the invariant mass of the pion, the exact energy is, however,
not required. Furthermore, the reconstruction of the secondary vertex and the
thus possible topological selections eliminate the need for a high photon purity
in the cluster sample. Therefore, the selections used to select the calorimeter
clusters differ substantially from standard cuts [273], which will be discussed in
the following.
High-momentum charged particles traverse the calorimeters depositing a frac-
tion of their energy, while low-momentum particles might be stopped completely
depositing all of their energy. Photons deposit their energy in the calorimeter
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Figure 4.1: Armenteros-Podolanski plot [275] of V0 candidates. It opposes the longitudinal
momentum asymmetry α of the daughter tracks and their transverse momentum
qT with respect to the mother particle. The ellipses of photons, Λ, Λ̄, and K0

S are
well visible.

in an electromagnetic shower [276]. Depending on their energy, the shower can
occur in a single cell of the calorimeter or spread over several neighbouring cells
forming a so-called cluster. A cluster finding algorithm runs during tracking
to identify such clusters. The algorithm works by finding cells with an en-
ergy deposition well above the noise level as seeds and consequently aggregates
neighbouring cells which also show a signal.
While PCM allows to obtain a very pure photon sample by making use of the
numerous topological, kinematic, and PID observables, the selections applica-
ble to the calorimeter clusters are limited, particularly at low energies.
Photon clusters can be identified by their energy and shape. The shape of a
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cluster can be quantified by the shape parameter M02, which can be pictured as
the semi-major axis of an ellipse around the cluster. Photons have rather round
clusters, resulting in a smaller yet energy-dependent M02 [276]. Of course, a se-
lection on the cluster shape can only be applied if the cluster has a shape in
the first place, which is only the case for clusters consisting of more than one
cell. However, one must note that low-energy photons - those interesting for
this analysis - are very likely to deposit their energy in a single cell, making
shape selections inapplicable.
Often, also a rather large minimal energy is required. Typical values for EMCal
analyses are 500 or even 700 MeV for the seeding cell and 100 MeV for the aggre-
gation of neighbouring cells [273]. Such selections guaranty a distinctive cluster
shape and also suppress minimum ionizing particles (MIPs) [273, 276] to a high
degree. However, as elaborated in section 4.1.2, the photons stemming from
the Σ+ decays have very low energies, making those selections prohibitive for
this analysis.
Thus, only a minimal selection is applied. The cut-off value in the energy, ap-
plied by the framework, is 100 MeV for the EMCal and 70 MeV for PHOS. No
further selections are applied on the energy.
Concerns have been discussed that the calorimeter response may not be well
described in MC at low energies. If that was the case, however, one may con-
sider that the minimum energy for the aggregation of cells would also need to be
increased in a similar way, making the calorimeter practically useless for most
analyses. To ensure that the description in the simulation is proper, multiple
checks have been performed, which will be discussed in section 4.3.3.
To reduce the contamination by charged particles, all tracks in the event are
propagated to the calorimeter plane and for each cluster the distance to the
closest track is computed. A minimum of 10 cm is required, suppressing most
of the charged-particle background.
Usually, a timing selection is applied to ensure the cluster belonged to the
considered event. This is necessary due to the modest time resolution of the
calorimeters. In this case, however, the combination with particles that are
measured in detectors with a better time resolution effectively anchors the re-
constructed particle to a specific event. Thus, clusters that did not belong to
the event are suppressed by the other selections and eventually only contribute
to the combinatorial background.
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Not all calorimeter cells are functional. A fraction of the cells is dead, i.e. does
not produce any signal. Other cells can have a higher noise level. In both cases,
the corresponding cell is classified as bad. The information about which cells
are affected is stored in maps in the offline analysis database (OADB). The
maps eventually change over time. For the periods used in this analysis, the
percentage of affected cells is displayed in Fig. 4.2. If there are multiple entries,
the maps were updated during a period.
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Figure 4.2: Fractions of noisy, cold, and dead cells for the used periods.

As visible, a sizeable fraction of dead cells was present in early 2016. The
reason for this is that several calorimeter modules were switched off. Luckily,
only a small fraction of the data was recorded at that time, such that the
average number of dead cells is below 1%. To obtain the correct reconstruction
efficiency, the dead cells must be removed from the simulation. Other than for
most other subdetectors, this is not done automatically in the anchoring of the
simulations, but must be done manually using the maps in the OADB.

Energy correction

The energy resolution of the calorimeters is only modest, particularly at low
energies. This of course also affects the invariant-mass spectra of the π0 and
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finally the Σ+ by broadening the peaks significantly. This is inconvenient, as
it exacerbates the peak extraction and also worsens the momentum resolution,
both resulting in larger uncertainties. In order to avoid such negative effects,
the energies of the calorimeter clusters are corrected by making use of the known
topology as described in the following.
Since photons are massless, the equation for the invariant mass of the π0 (mπ0)
simplifies to

mπ0 =
√

2 · |~p1| · |~p2| · (1 − cos(α)) (4.1)

where ~p1 and ~p2 are the momenta of the photons and α is the angle they
enclose. A selection can be applied to the invariant mass calculated in this way
to eliminate candidates which are kinematically not in line. After the selection,
the invariant mass of the pion is fixed to its nominal value of 134.98 MeV/c2 [9]
and Eq. (4.1) is solved for the momentum or energy of one of the photons. One
finds

ECalo =
m2

π0

2 · |~pPCM| · (1 − cos(α))
(4.2)

whereby the momentum of the conversion photon ~pPCM as well as the angle α
are kept constant. The integrated invariant-mass spectrum of the Σ+ with and
without applying the energy correction is depicted in Fig. 4.3.

4.1.3 Σ+ selection

After selecting the proton and π0 candidates, the Σ+ are constructed and their
invariant mass and momentum ~p is computed. From the momentum and the
reconstructed secondary vertex ~r, the pointing angle is calculated as

PA = arccos





~r · ~p
|~r | · |~p |



 . (4.3)

The pointing angle22 is a very effective selection to suppress the combinatorial
background. For the PCM-PCM method the pointing angle is required to be
below 20 mrad. The selection is relaxed to 30 mrad below a Σ+ momentum
of 5 GeV/c and relaxed further to 40 mrad below 3 GeV/c. The momentum
22Often the cosine of the pointing angle is used, eliminating the need for trigonometric calculations.
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Figure 4.3: Invariant-mass distribution of Σ+ reconstructed with the PCM-Calo method show-
ing the effect of the energy correction using the mass constraint of the intermediate
π0 decay. In the uncorrected case, the signal peak is barely visible and the maxi-
mum is shifted from the nominal Σ+ mass. After the correction, a clear and narrow
peak is visible at the proper invariant mass.

dependence is given rise to by the strong momentum dependence of the pointing
angle resolution and also by the trade-off between purity and efficiency.
For the PCM-Calo method, a stricter value of 12 mrad is chosen, which is
relaxed to 24 mrad below 2 GeV/c.

4.2 Reconstruction efficiency

Only a small fraction of the Σ+ produced in the collision is principally available
for reconstruction and again only a small fraction is actually reconstructed and
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selected. Due to the composite nature of the Σ+, the number of sources of ineffi-
ciency is much larger compared to particles that can be tracked directly. These
sources are the branching ratio, conversion probability, tracking efficiency, V0

finding efficiency, cluster finding efficiency, and selection efficiency. In order
to be able to make quantitative statements about the abundance of Σ+ in the
collisions, the total reconstruction efficiency containing all these sources must
be known with precision. The reconstruction efficiency is determined by means
of Monte Carlo simulations.
Before a detector is even built and data is recorded in a heavy-ion experiment,
simulations of the heavy-ion collisions and the interactions of the particles with
the detectors are crucial for designing the experiment for the best performance.
At the analysis level, simulations also have broad application, as they give ac-
cess to otherwise inaccessible quantities. For instance, simulations are used to
tune the particle selections or to study the reconstruction efficiency and the res-
olution of the detectors. The simulations are typically carried out by the Monte
Carlo method, which is based on the repeated drawing of random numbers to
simulate certain processes [94]. A hadronic collision is simulated in multiple
steps. First of all, the collision itself needs to be simulated by an event gen-
erator as introduced in section 1.2.2. Unless stated differently, PYTHIA 8 [62]
with the Monash 2013 [277] tune is used for this purpose in this thesis.
In order to compare to data, the response of the detectors needs to be simu-
lated too. This is done by a dedicated software package, which is also based
on the Monte Carlo method. Commonly, the geometry and tracking (GEANT)
framework [251–253] developed at CERN is used for this purpose. In this thesis,
the latest release (GEANT4) is used in all simulations. Within GEANT, the
whole ALICE detector is implemented. GEANT progagates the created parti-
cles through it and simulates the interactions of the particles with the matter
including the detector response. The thus created data points are then plugged
into the reconstruction framework used to reconstruct the particle trajectories
from the individual detector data. The simulations are anchored to real data
in order to reproduce the detector status, which is subject to change over time.
Such simulations are computationally extremely costly. Often, only a fraction
(. 50%) of events in data is simulated, which is sufficient for most analyses and
can be used for general purpose. However, if one wants to study probes which
are rare or not at all produced in the simulation, difficulties arise in aggregating
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enough statistics. The same holds for particles like the Σ+ which has a very
low reconstruction efficiency. In the case of Σ+, this is aggravated by the fact
that strangeness is generally underproduced by PYTHIA [7, 8].
For the discussed reasons, the available simulations have been found to be insuf-
ficient for the analysis presented in this thesis. Therefore, a custom simulation
had to be developed, which will be discussed in the following section.

4.2.1 Custom Monte Carlo simulation

Several possibilities exist to aggregate sufficient statistics in cases where a gen-
eral purpose simulation is not suited or too costly.
One is to trigger the simulated events on certain conditions, for instance on
a high multiplicity in a certain rapidity interval or the presence of a particle
of interest. While this reduces the demand on storage and produces realis-
tic spectra, all events still need to be simulated before triggering, resulting in
large computational cost. For the high-multiplicity triggered data used in this
thesis, this was done by demanding a certain multiplicity at forward rapidity,
effectively replaying the trigger conditions of the V0 detectors (compare sec-
tion 2.2.5). Around 6 · 108 events have been produced this way, roughly half of
the amount recorded in data. Together with the underestimated production of
strange hadrons, this simulation represented the statistical bottleneck of this
analysis. Furthermore, the simulation was only produced for the first recon-
struction pass23 (pass1) and not for the one used in data (pass2). Rerunning
the simulation with the latest pass and with more statistics was not an option,
considering the high cost of the simulation; it consumed around 3323 years of
CPU-time and produced 614 TB of data output.
Alternatively, the particles of interest can be injected into a minimum-bias
event. Often, the injection follows uniform distributions in the transverse mo-
mentum and in the rapidity within suitable limits, e.g. 0 to 10 GeV/c in pT

and |y| < 1. Several particles can be injected per event without effecting the
efficiencies, in particular in pp collisions. While this strategy works well for
instance for light nuclei, it is still not well suited for Σ+. Due to the strong mo-
mentum dependence of the reconstruction efficiency, low-momentum particles

23The calibration of a large detector setup like ALICE is a complicated endeavour, which takes time and
improves over time. Thus, the data is often reconstructed multiple times in order to improve for instance
the tracking and the PID performance.
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are only rarely reconstructed, leading to a similarly high demand on events as
a minimum-bias simulation. A flat injection scheme is hence not an asset.
Therefore, a different injection scheme has been developed within the scope of
this thesis, which utilizes a combination of generators merged in a so-called
generator cocktail.
A realistic pT spectrum has the inverse pT dependence as the reconstruction
efficiency, compensating the declining efficiency towards lower pT. To tune this
realistic pT dependence, a preliminary spectrum was measured using the ex-
isting simulations and fitted with a Lévy-Tsallis distribution as described in
section 1.2.1. From this fit function, 10 Σ+ and 10 Σ

−
were sampled per event.

This injection scheme just struggles at very low and high pT, which can, how-
ever, be patched by injecting 1 additional particle and anti-particle each per
event flat in pT. A minimum-bias event was used as the underlying event. The
resulting pT distribution leads to roughly uniform24 distribution in the recon-
structed spectrum and thus provides equally large statistical uncertainties in
all pT bins. The reconstructed spectra for the two reconstruction methods are
displayed in Fig. 4.4.
Using the described injection scheme, it is possible to improve the statistics
of the simulated Σ+ considerably compared to the high-multiplicity simulation
while keeping the computational cost tolerable. The simulation produced for
this analysis consumed roughly 54 CPU-years and produced 3 TB of data, which
amounts to around 1.6% in terms of CPU-time and 0.5% in terms of memory
usage compared to the high-multiplicity simulation.

4.2.2 Efficiency results

With the simulation at hand, the reconstruction efficiency can easily be calcu-
lated by applying the selections to the reconstructed MC particles and dividing
the obtained reconstructed pT spectrum by the generated one. Both the recon-
structed and the generated particles are considered within |y| < 0.8. Fig. 4.5
showcases the obtained reconstruction efficiencies for the PCM-PCM and the
PCM-Calo method.
The reconstruction efficiency of the PCM-Calo method is roughly one order of

24“roughly uniform” means “in the same order of magnitude” in this regard. This compares to a spread of the
statistics across several (>2) orders of magnitude when injecting using a uniform distribution in pT.
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Figure 4.4: Raw spectrum of reconstructed Σ+ in the MC simulation produced with the in-
jection scheme described in the text. A roughly uniform distribution is reached,
resulting in similar statistical uncertainties over the used pT range.

magnitude higher than the one of the PCM-PCM method, but in both cases the
efficiency is rather low. This particularly holds towards low momenta, where
the efficiencies exhibit a steep decline. Clearly, it is of interest where the loss
of efficiency comes from. This can again be studied in the simulations.
One may consider first that depending on the reconstruction method, 4 or 5
particles need to be measured in the final state to reconstruct the Σ+. Each of
these particles is reconstructed and selected with a certain efficiency, which is
always smaller than unity. Moreover, in case of more particles in the final state,
each particle carries a smaller fraction of the Σ+ momentum, making it harder
to reconstruct. Since in the case of the Σ+ photons are involved, the conversion
probability is also major source of inefficiency. Putting these considerations
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into numbers, one finds that above 1 GeV/c between 90 and 95% of the protons
from the Σ+ decays could be reconstructed as tracks in the TPC. While this
number decreases quite drastically below 1 GeV/c, it still amounts to around
50% at 0.5 GeV/c. Since the proton caries most of the momentum of the Σ+,
the proton is clearly not the bottleneck.
The probability that a primary photon converts into an electron–positron pair is
shown in Fig. 4.6 together with the probability that the photon is reconstructed
by the on-the-fly V0 finding algorithm introduced in section 2.3.2.
One can see that the conversion probability amounts to around 8.5%, corre-
sponding to 11.4% of a radiation length, given by the material budget of the
beam pipe, the ITS layers, the supporting structures, as well as the inner con-
tainment and the inner field cage of the TPC [223]. The probability that the
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Figure 4.6: Conversion probability of photons within the ITS (blue) and their reconstruction
efficiency with the on-the-fly V0 finder (red). The conversion probability amounts to
around 8% with little pT dependence. The reconstruction efficiency shows a strong
pT dependence, reaching almost 100% at momenta above 3 GeV/c and vanishing
towards 0.

converted photon is found by the V0 finder reaches almost 100% at higher mo-
menta, but exhibits a drastic drop towards low momenta, reaching virtually 0
below 100 MeV/c. The reason for this is the tracking efficiency of the electron
tracks. In the case of very low momenta, the electron tracks are strongly curved,
eventually curling back in the direction of the primary vertex (so-called loop-
ers). Since there is a sizeable background of low-momentum electrons, these
must be discarded.
In case of the Σ+, the conversion probability is further decreased by the fact
that the Σ+ baryons may traverse the beam pipe and potentially several layers
of the ITS before they decay, effectively reducing the material budget ahead of
the photons. In fact, the probability that none of the two photons converted
increases from roughly 84% in case of primary π0s to 93% in case of π0s from
Σ+ decays.
The probability that a photon that did not convert is seen in the calorime-
ters amounts to around 15% with little momentum dependence, explaining the
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much higher efficiency when including the calorimeters.
Lastly, the absorption of Σ

−
in the detector material may not be described

correctly in the simulation. In order to investigate this, the reconstruction effi-
ciency is considered separately for particles and anti-particles, which is displayed
in Fig. 4.7 for the PCM-Calo method. It can be seen that the efficiency of par-
ticles and anti-particles is almost equal. Below 2 GeV/c, the efficiency of anti-
particles is slightly reduced, which hints towards absorption of anti-particles.
However, the difference is not significant. This behavior is also present in data.
It can thus be concluded that absorption of Σ

−
is negligible in the considered

momentum region and well described by the simulation.
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4.3 Invariant-mass spectra

Following the reconstruction and selection, the Σ+ can finally be identified
by their invariant mass. To calculate the invariant mass, the curved proton
track is propagated to the reconstructed decay vertex to obtain the momentum
components at that point. The invariant-mass distributions are displayed in
Fig. 4.8 for the PCM-PCM method and in Fig. 4.9 for the PCM-Calo method.
In both cases, the signal peak is well visible at the correct invariant mass of the
Σ+ of 1.189 GeV/c2 [9]. The peak sits on top of a combinatorial background
that needs to be described to extract the number of counts and proceed to the
pT spectra. The procedure will be discussed in the following.
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Figure 4.8: Invariant-mass distribution of Σ+ reconstructed with the PCM-PCM method.

115



Chapter 4. Measurement of the Σ+ production

1.1 1.12 1.14 1.16 1.18 1.2 1.22 1.24 1.26 1.28

)2c (GeV/γγpm

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000
-1 )

2
c

 (
M

e
V

/
γ

γ
p

m
/d

N
d

This thesis

 = 13 TeVspp, 

High multiplicity

) < 8.0c (GeV/
T

p1.0 < 
0πp → 

-

Σ ⊕ 0π p→ +Σ

| < 0.8yPCM-Calo, |

Same event

Figure 4.9: Invariant-mass distribution of Σ+ reconstructed with the PCM-Calo method.

4.3.1 Background description

For a given number of particles in an event, the sheer combinatorics potenti-
ates with the number of daughters of the particle of interest. This also holds
for the Σ+ and it cannot be fully mitigated by selections without affecting the
efficiency in a detrimental way. Therefore, close attention needs to be given to
a proper description of the background.
For the description of the combinatorial background, several techniques are
commonly used. These include the use of a simulated background, fitting with
a function, like-sign spectra, rotational methods, and event mixing. While the
Monte Carlo background seems most attractive, this requires a very good de-
scription of the momentum spectra of all used particles, which is not always
given, resulting in an insufficient description of the background. In case of in-
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jected particles, the background from the simulation is of course unusable, as
it is unphysical. Fitting the background with a function is the most straight
forward method. Potentially, a physically motivated function is at hand or one
may use a simple polynomial or exponential. This is feasible if the background
is monotonic in the peak region and the peak width is not too broad. In case of
Σ+, the background has an odd shape with a momentum-dependent maximum.
As one can see in Fig. 4.9, the peak is close to a drop in the distribution, making
it difficult to extrapolate the background into the peak region. In such cases,
it is recommendable to choose a different background estimation. A common
conception is to break the correlation between particles originating from a de-
cay, while preserving the momentum spectra [278]. One of those techniques is
the rotation method where particles are rotated around certain axes. Caution
is advised if the acceptance of the detector is not uniform, as one easily creates
particles which could not have been measured. Also, rotating in θ changes the
transverse momentum of the particles. In case of the calorimeters in ALICE,
the acceptance is limited and highly non-uniform, making the rotation method
challenging. For these reasons, in this thesis the event mixing technique is used.
In this method, the particles are taken from different events.
The actual phase space distribution of the particles is not known, but several
samples from it, the events. It is justified to assume that any set of such samples
is representative for the full distribution and can thus be used as a proxy for
the phase space distribution [279]. Given that the particles stem from different
events, they cannot be correlated. A major advantage of this method is that it
is possible to mix an event with several others, increasing the statistics of the
background distribution. However, one must consider that there are pitfalls.
First of all, it has to be made sure that the acceptance of the mixed events is
indeed equal. Typically, one therefore requires the events to have similar vertex
positions (along the beam direction). This is also done in this analysis by re-
quiring the vertices to have a maximum distance of 1 cm. However, the effect of
this requirement is negligible. Given the sheer size of the TPC and the rather
small range of vertex positions, this is easy to visualize. A much more im-
portant mixing parameter is the multiplicity of the events. Events with a high
multiplicity have harder spectra, i.e. the particles have higher average momenta
than low-multiplicity ones and this of course effects the derived invariant-mass
spectra. Therefore, the maximum difference in the total number of tracklets
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within the acceptance is restricted to 4.
In a reconstruction using more than two particles, one furthermore has to con-
sider which particles to mix. In case of the PCM-PCM method, it is found that
keeping the reconstructed pions fixed and mixing the protons is most practical
and describes the background well. In case of the PCM-Calo method, how-
ever, this concept failed. The reason for this is related to the fact that the
energy correction that is applied to the calorimeter photon depends on the re-
constructed decay vertex, which is in turn a property of the tuple of the proton
and the PCM photon. Breaking this correlation apparently leads to an unphys-
ical background. Keeping the tuple of the proton and the PCM photon and
mixing the calorimeter cluster instead has been found to be a working solution
which describes the background well.
After drawing the mixed pairs, the particles are shifted by their original pri-
mary vertex position, as otherwise the inter-particle distances would be strongly
biased. The reconstruction is done and the selections are applied as if the par-
ticles originated from the same event. Up to 10 events are mixed, which helps
to improve the statistics. In order to describe the background quantitatively, a
scaling factor has to be introduced, which is momentum dependent. It is com-
puted by calculating the ratios of the same and the mixed-event distributions
and fitting these ratios in the sideband region of the peak. In Fig. 4.10 this is
plotted for one pT bin. The resulting integrated invariant-mass spectra in the
same and mixed events can be seen in Fig. 4.11 for the PCM-PCM method and
in Fig. 4.12 for PCM-Calo method.

4.3.2 Peak extraction

The pT spectra of the Σ+ baryons are obtained by extracting the number of
counts from the invariant-mass spectra. For each pT bin, the scaled mixed-event
background is subtracted from the same-event distribution and the residual
spectrum is fitted with a Gaussian distribution to determine the mean and
width of the peak. This is examplarily plotted in Fig. 4.13 for one pT bin.
The nominal rest mass of the Σ+ as reported by the PDG [9] is well reproduced.
The width of the peak is related to the momentum resolution of the protons
and the photons and shows a momentum dependence. In order to check the
consistency with the MC simulation, the invariant-mass spectrum of the re-
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Figure 4.10: Ratio of the invariant-mass distributions in same and mixed events shown for one
pT bin. The fitting interval for the normalization and the resulting fit are also
shown.

constructed Σ+ from the simulations is superimposed over the data. This is
shown in Fig. 4.14. The distribution from the simulation is scaled such that
the number of entries in the data and the MC distribution match. This allows
a straight forward comparison. A good agreement is found, indicating that the
momentum resolution of the particles is well reproduced by the simulation and
that the energy correction works there just as in data. This is of particular
importance, as the resolution directly affects the selection efficiency of the Σ+.
This will be discussed further in section 4.3.4.
To extract the number of counts, again several approaches exist. One is to
integrate the Gaussian distribution. This seems appealing, as the fit smoothes
out fluctuations, providing a more stable result, particularly in bins where the
statistics in scarce. However, this is based on the assumption that the distribu-
tion is in fact normally distributed, which is not necessarily the case. In case of
the Σ+, the energy correction modifies the distribution, leading to deviations
in the tails of the peaks. Also, the amplitude of the fit is most sensitive only to
the central bins of the peak, wherefore the statistical uncertainty of the integral
is not simply given by the square root of the total number of counts. For these
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Figure 4.11: Integrated invariant-mass distribution of Σ+ reconstructed with the PCM-PCM
method in the same events (black markers) and the mixed events (red markers),
as well as the signal (blue markers) calculated by subtracting the same- and mixed-
event distributions.

reasons, the number of counts is determined by means of bin counting, i.e. by
adding the contents of the bins in a given range. The range is defined such that
it corresponds to a 3σ interval.
The raw pT spectra are plotted in Fig. 4.15. Subsequently, the spectra are cor-
rected for the reconstruction and selection efficiency as described in section 4.2.
Additionally, the spectra are divided by the number of events, the rapidity
range, and by the bin width.
Often, one needs to consider feed-down from other particles if one wants to
obtain the primary pT spectra. In case of feed-down from weak decays, the par-
ticles do not point to the primary vertex anymore, but have an offset that results
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Figure 4.12: Integrated invariant-mass distribution of Σ+ reconstructed with the PCM-Calo
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as well as the signal (blue markers) calculated by subtracting the same- and mixed-
event distributions.

in a larger DCA to the primary vertex for tracks and a larger pointing angle
for V0s and cascades. The feed-down fractions are then obtained by fitting the
distributions of those observables with templates from a MC simulation [15]. In
case of the Σ+, advantageously no feed-down needs to be considered, since no
baryons decay weakly into Σ+ [9]. Thus, all Σ+ are primary by definition25. The
fraction of primordially produced Σ+ amounts to 63.17%, while the remainder
stems from strongly decaying resonances [280]. A more comprehensive discus-
sion about the strong feed-down will be made in section 5.5.1 in the context of
the femtoscopic source.

25Particles that originate directly from the collision or from strong or electromagnetic decays (of primary
particles) are defined as “physical primaries” in ALICE [238].

121



Chapter 4. Measurement of the Σ+ production

1.1 1.12 1.14 1.16 1.18 1.2 1.22 1.24 1.26 1.28
)2c (GeV/γγpm

200−

0

200

400

600

800

1000

1200

1400

1600

1800-1 )
2

c
 (

M
e
V

/
γ

γ
p

m
/d

N
d

This thesis

 = 13 TeVspp, 

High multiplicity

) < 2.5c (GeV/
T

p2.0 < 
0πp → 

-
Σ ⊕ 0π p→ 

+
Σ

| < 0.8yPCM-Calo, |

Data (subtr. background)

Gauss fit

 intervalσ3

Figure 4.13: Invariant-mass distribution of Σ+ candidates with 2 < pT (GeV/c) < 2.5 with
subtracted background in high-multiplicity events with the PCM-Calo method
fitted with a Gaussian function. The 3σ interval is indicated by the dashed green
lines.

For the minimum-bias trigger, the spectra are divided by the factor that relates
the V0 visible cross section to the total inelastic cross section of pp collisions
(see section 2.2.5). This allows a comparison with other results and particularly
with MC generators.
Finally, the systematic uncertainties are evaluated, as explained in section 4.3.4.
The resulting pT spectra are shown in section 4.4.

4.3.3 Cross checks

In order to cross check the results and in particular to verify a proper description
of the calorimeter performance in the MC simulation, two independent checks
are performed.
Firstly, the spectrum using the PCM-Calo method is compared to the one using
the PCM-PCM method. The comparison for the high-multiplicity triggered
data is shown in Fig. 4.17. The spectra are in good agreement within the
uncertainties and no systematic deviation is identifiable. This indicates that
the reconstruction efficiency and in particular the conversion probability are
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Figure 4.14: Invariant-mass distributions of Σ+ candidates within 2 < pT (GeV/c) < 2.5 with
subtracted background in high-multiplicity events, reconstructed with the PCM-
Calo method. The MC signal distribution is also shown. Position and width of
the signal peak are well reproduced.

well described by the Monte Carlo simulation. In case of the minimum-bias
triggered data, the results are also compatible, but due to the coarser necessary
binning for the PCM-PCM method, the reduced pT reach, and the much larger
uncertainties, a comparison of these data points is not fruitful. Since a poor
description of the calorimeter efficiency, particularly at low energies, would lead
to a wrong momentum dependence of the reconstruction efficiency, a purely
coincident agreement of the spectra from low to high momenta is very unlikely.
However, a single comparison with a spectrum which is itself not well established
is not enough to be considered proof. Thus, a selection setting was found,
which gets as close as possible to the established selections, while preserving
enough statistics for a reasonable comparison. For this, the minimum energy
was chosen to be 200 MeV for the seed cell and 100 MeV for cell aggregation
with a minimum number of 2 cells per cluster. The efficiency loss of this setting
is sizeable and as large as 98% in the first bin, which can thus not be evaluated.
The comparison is shown in Fig. 4.16. No systematic deviation or trend in
pT is observed. A linear fit yields a deviation from zero of around 1%, which
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The much higher efficiency of the PCM-Calo method is visible.

is compatible with zero within the statistical uncertainties. Precautionally, an
additional uncertainty is added, which is presumed to be a constant value of 3%.
It shall cover all uncertainties coming from the description of the calorimeter
efficiency in the simulation and thus it is listed as “cluster efficiency” in the
systematic uncertainties plot (see Fig. 4.18).
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counts. One may also note the increased systematic uncertainty in the peak extrac-
tion when using the strong selections, which results from the much lower statistics
and the different background shape. A good agreement is still found within the
statistical uncertainties, suggesting that the efficiency of the calorimeters is well
described by the MC simulations even at low energies.

4.3.4 Systematic uncertainties

Monte Carlo simulations are only capable of reproducing the reality to a certain
extent. This finite accuracy leads to systematic uncertainties of the efficiencies
used to correct the raw pT spectra. While it is not possible to avoid such uncer-
tainties completely, it is important to quantify them. For this, variations of the
selections are made. In the following, the selections are not varied individually,
but in groups, which also takes into account possible correlations of the selec-
tions and at the same time gives access to the full probability distributions. The
selection groups and the ranges are listed in Tab. 4.1. The number of variations
per group is 600 for the topological selections, 200 for the kinematic selections,
150 for the PID selections, and 50 for the track selections. These numbers are
tuned to roughly scale with the number of selections per group and the im-
pact of the selections. The range in which each selection is varied is defined
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described in the MC simulations.

such that it corresponds to half a unit of standard deviation for the (roughly)
normally distributed observables and around 10% for the others. Defining too
large ranges does not make sense in this case, as every deviation from the de-
fault values decreases the significance of the signal by construction and thus
increases the difficulty of the peak extraction. At some moment, this would
only create outliers and does not help in determining the systematic uncertain-
ties. Within the groups of selections, different sets of selections are randomly
chosen from uniform distributions such that each setting is equally likely. The
raw spectra and the corresponding efficiencies are automatically evaluated for
each variation and the residual to the default setting is saved. The distributions
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obtained by this procedure are fitted with Gaussian distributions in order to
determine the mean and the width. Using the width of many variations as a
proxy for the systematic uncertainties makes this method rather insensitive to
outliers compared to using a single variation. The distributions of the varia-
tions are not necessarily centered at zero, which indicates that the default value
is not the most probable one. This, in turn, gives rise to asymmetrical error
bars. One must clarify that if one defines the systematic uncertainty as one
unit of standard deviation, this only means that roughly 68% of the variations
are within these limits. It does not state that there is an equally large proba-
bility that the true value is within the error bars. In fact, selection variations
cannot give access to this information, as this requires completely independent
measurements by different methods or experiments.
In addition to the variational systematic uncertainties, uncertainties arise from
the conversion probability, i.e. the material budget, the ITS-TPC matching ef-
ficiency, and the mixed-event normalization. The uncertainty of the material
budget is reported to be 0.5% of a radiation length, corresponding to 4.5% of the
total material budget [223]. A recent study uses a data-driven approach to re-
duce the uncertainty to 2.5% [281]. While the procedure is not yet implemented
in this analysis, it paves the way for future improvements of the measurement.
The total uncertainty of the ITS-TPC matching efficiency is estimated at 4%
based on previous analyses [282] and considering that in the PCM-Calo method
3 tracks have to be measured in the final state. The uncertainty stemming
from the mixed-event normalization is assumed to be 2%. The aforementioned
contributions are assumed to be momentum independent. Finally, the total
uncertainties are calculated by adding the contributions quadratically. The
contributions to the systematic uncertainty are displayed in Fig. 4.18. The un-
certainties caused by the material budget and the ITS-TPC matching efficiency
clearly dominate the systematic uncertainties at intermediate momentum, while
the impact of the topological and kinematic selections increases towards low pT.
One may note that systematic uncertainties evaluated by variations always con-
tain a statistical admixture. Given a finite amount of statistics, the number of
particles fulfilling a certain selection set is statistically distributed, both in data
and in the simulation. Consequently, one would observe non-zero deviations of
the yields, even if there was no systematic uncertainty at all. Thus, in the case
of large statistical uncertainty, one may ask to which extent the observed devia-
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tions are really systematic in nature. A well known check is the so-called Barlow
criterion [283], which relates the deviation of a given variation to the statistical
uncertainty to probe whether it is significant. In case of the here made ran-
dom variations, this check is non-trivial and not necessarily meaningful. While
Fig. 4.18 depicts the uncertainties for the high-multiplicity spectrum using the
PCM-Calo method, the values of the contributions show striking similarities
for the minimum-bias spectrum and the PCM-PCM method as well, despite
the vastly different statistics. This implies that the evaluated uncertainties are
indeed of systematic origin. Therefore, all systematic contributions are con-
sidered to be significant over the full pT range, which is the most conservative
assumption.
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spectrum of Σ+ using the PCM-Calo method.
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Group Selection Default value Minimum Maximum

Topological

Track |η| 0.9 0.8 1.0
Photon opening angle 0.30 rad 0.27 rad 0.33 rad

Photon ∆Θ 0.10 rad 0.09 rad 0.11 rad
Photon radius (lower) 3.0 cm 2.7 cm 3.3 cm
Photon radius (upper) 220 cm 210 cm 230 cm
Proton DCAxy (lower) 0.010 cm 0.009 cm 0.011 cm
Proton DCAxy (upper) 2.0 cm 1.5 cm 2.5 cm

PA (PCM) (pT < 3 GeV/c) 0.040 rad 0.036 rad 0.044 rad
PA (PCM) (pT > 3 GeV/c) 0.030 rad 0.027 rad 0.033 rad
PA (PCM) (pT > 5 GeV/c) 0.020 rad 0.018 rad 0.022 rad
PA (Calo) (pT < 2 GeV/c) 0.024 rad 0.022 rad 0.026 rad
PA (Calo) (pT > 2 GeV/c) 0.012 rad 0.011 rad 0.013 rad

Flight distance (lower) 1.0 cm 0.9 cm 1.1 cm
Flight distance (upper) 50 cm 45 cm 55 cm

DCA (track-cluster) 10 cm 9 cm 11 cm

Kinematic

Photon |α| 0.9 0.8 1.0
Photon qT 0.03 GeV/c 0.027 GeV/c 0.033 GeV/c

Photon invariant mass 0.06 GeV/c2 0.05 GeV/c2 0.07 GeV/c2

π0 mass (lower) 0.10 GeV/c2 0.09 GeV/c2 0.11 GeV/c2

π0 mass (upper) 0.16 GeV/c2 0.15 GeV/c2 0.17 GeV/c2

Minimum cluster energy 0.10 GeV 0.10 GeV 0.15 GeV

PID
Electron TPC nσ 5.0 4.5 5.5
Proton TPC nσ 3.0 2.5 3.5
Proton TOF nσ 3.0 2.5 3.5

Track
Proton TPC clusters 60 50 70

Electron TPC clusters 30 20 40

Table 4.1: Selections of Σ+ with systematic variation ranges. The number of variations for each
group is given in the text.
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4.4 Integrated yields

In order to compare to model calculations, the total yield of the Σ+ is of in-
terest. The comparably high cut-off of 1 GeV/c is caused by the vanishing
reconstruction efficiency of the photons. Consequently, the unobserved frac-
tion of the production yield is sizeable. To determine the total yield, it is thus
crucial to fit the spectra with a proper fit function. Several fit functions are
tested, which have been introduced in section 1.2.1. The simple models, namely
Maxwell-Boltzmann, mT exponential, pT exponential, and Fermi-Dirac all come
with only two free parameters, the slope parameter and the normalization. The
pT exponential is tested just for completeness and in spite of the fact that the
underlying assumption (pT ≫ m) is not fulfilled. As expected, the models only
provide a reasonable fit in the intermediate pT region and show sizeable devia-
tions at low and high pT as seen in Fig. 4.19. In contrast, the more sophisticated
Lévy-Tsallis [86, 91, 92] and Boltzmann-Gibbs blast wave [84, 85] functions both
allow to fit the data well.
As expected for pp collisions, the Lévy-Tsallis function describes the data best
over the full considered pT range and is thus used for the extrapolation. The
integration of the spectra is performed by adding the data points in the mea-
sured region and by a numerical integration of the fit function in the unobserved
region. This procedure effectively limits the dependence of the fit quality to
the extrapolation region.
The statistical and systematic uncertainties of the extrapolated yield are de-
termined by performing random variations of the data points within their un-
certainties. In case of the statistical uncertainties, the uncertainties of the data
points are uncorrelated, giving rise to an individual variation. In case of the
systematic uncertainties it is, however, a legitimate question if this also holds.
One may consider that it is well possible that the efficiency of a certain selection
is underestimated by the simulation at low momenta and overestimated at high
momenta or vice versa. Thus, an individual variation is also justified for the
systematic uncertainty. Generally, an individual variation does not only shift
the fit up or down, but also changes the shape, which yields a more conserva-
tive estimation of the uncertainty. Therefore, this approach is followed. Each
variation of the spectra is fitted and the obtained array of curves is displayed
in Fig. 4.20. The yield is calculated for each fit function and the standard devi-
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Figure 4.19: Corrected pT spectra of Σ+ with different fit functions. The Lévy-Tsallis function
describes the data best and is used to extrapolate the spectra to the unobserved
region (pT < 1 GeV/c).

ation of these yields is considered as the uncertainty of the extrapolation. This
procedure is done individually for the statistical and systematic uncertainties.
The results are given in Tab. 4.2.
It is apparent that the contribution of the extrapolated yield is around 4/9 in
case of the minimum-bias spectrum, but only 1/3 in case of the high-multiplicity
spectrum. This is due to the hardening of the pT spectrum with increasing
multiplicity as discussed before.
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Trigger Minimum bias High multiplicity

Data (pT > 1 GeV/c) 0.0387+0.0014
−0.0014(stat)+0.0032

−0.0034(syst) 0.2054+0.0045
−0.0045(stat)+0.0154

−0.0185(syst)

Fit (pT < 1 GeV/c) 0.0325+0.0012
−0.0011(stat)+0.0046

−0.0043(syst) 0.1077+0.0021
−0.0022(stat)+0.0112

−0.0139(syst)

Total 0.0711+0.0026
−0.0025(stat)+0.0077

−0.0077(syst) 0.3131+0.0066
−0.0067(stat)+0.0265

−0.0324(syst)

Table 4.2: Yields dN/dy of Σ+ and Σ
−

for the two considered triggers. The yields of the
measured region (data points) and the extrapolated region (fit) are given separately
as well as the sum of both.
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4.5 Thermal model comparison

The obtained yields of the Σ+ are compared to thermal model calculations.
Therefore, the γsCSM model [80, 284] is used, which was introduced in sec-
tion 1.2.1. The calculation is performed using a canonical and a grand-canonical
approach, where in the canonical approach slightly different values for the dif-
ferent multiplicities are found. For the comparison to the data, the ratio to Λ
baryons is considered. This is practical, since many dependences cancel out [80].
Also, it allows a comparison to Σ0 baryons, since the Σ0/Λ ratio was measured
in a previous analysis in ALICE [2]. The yields of Λ baryons in pp collisions at
13 TeV are measured and publicly available [242, 285]. This data is given in mul-
tiplicity classes, which do not equal the multiplicities of the triggers used in this
analysis. However, the yields can be inter- or extrapolated, making use of the
roughly linear scaling of the yields with multiplicity. To do so, the mean tracklet
multiplicities in |η|<0.5 are evaluated for the used triggers. These amount to
dNch/dη = 30.8 ± 0.4 for the high-multiplicity trigger and dNch/dη = 6.9 ± 0.1
for the minimum-bias trigger. The resulting yields of the Λ baryons and the
resulting ratios of Σ+ and Λ are given in Tab. 4.3.

Trigger dN
dy

(Λ ⊕ Λ̄) Σ+⊕Σ̄−

Λ⊕Λ̄

Minimum bias 0.26150 ± 0.00047(stat) ± 0.01848(syst) 0.272+0.010
−0.010(stat)+0.035

−0.035(syst)

High multiplicity 1.13467 ± 0.00380(stat) ± 0.07700(syst) 0.275+0.006
−0.006(stat)+0.030

−0.034(syst)

Table 4.3: Yields of Λ and Λ̄ at the mean multiplicities corresponding to the used triggers.
From these, the given ratios are computed. Values for Λ inter- or extrapolated as
described in the text using the data from Ref. [242, 285].

Apparently, the Σ+/Λ ratios are practically identical for the two considered
multiplicities. This might seem surprising, considering the large systematic
uncertainty of the ratios. However, one needs to keep in mind that these are
almost fully correlated, since the same efficiencies are used to correct both Σ+

yields. The uncertainty of the material budget for instance affects the yields
at both multiplicities in the same way. Similar considerations also hold for the
measurement of Λ [242]. Thus, for the comparison of the ratios, only the sta-
tistical uncertainty is of interest, which is considerably smaller.
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In the canonical thermal model calculation, a ratio of 0.2714 for minimum bias
and 0.2847 for high multiplicity is found. The grand-canonical calculation, in
turn, gives a value of 0.2731. Interestingly, the grand-canonical value is not
above the high-multiplicity value, which is due to the non-monotonicity of the
model parameters [80]. In both cases, the values are close to the 1:3 ratio which
one would expect from the pure isospin consideration in the absence of a mass
splitting between Λ and Σ baryons. While the data slightly favours the grand-
canonical calculation, this conclusion cannot be made, given the uncertainty of
the data. However, clearly a very good agreement of the data and the thermal
model calculation is found.
For the Σ0/Λ ratio, a preliminary value of 0.319 ± 0.065 is reported [2]. While
this is in slight tension with the values found here, one needs to note that this
data was taken at 7 instead of 13 TeV and that it is still compatible within the
combined uncertainty.
Due to the present uncertainty, no conclusive statement about strangeness en-
hancement for Σ baryons can be made yet. However, the ratios at the two
multiplicities are in very good agreement, which supports the assumption that
the same strangeness enhancement at high multiplicities, which is seen in Λ
baryons (see Fig. 1.4), is also present for Σ baryons.

4.6 MC comparisons

The spectrum of Σ+ is compared to the spectra of multiple commonly used
MC generators. Comparing the high-multiplicity spectrum would require to
replay the trigger conditions in the simulation which is not trivial. As men-
tioned in section 4.2.1, this has been attempted using PYTHIA 8 Monash 2013
events. However, it was found that the multiplicity does not match the one in
data exactly, which is apparently related to an error in the implementation of
the trigger conditions found later. A comparison of this production to data is
therefore not particularly meaningful. More naturally, the minimum-bias spec-
trum is used for the comparison with the generators. First of all, PYTHIA 8
Monash 2013 [62, 277] is tested, as it is the standard event generator for pp
collisions in ALICE. Another frequently used generator is EPOS LHC [63].
Moreover, an older version of PYTHIA is used, namely PYTHIA 6 [95] with
the tune Perugia 2011 [286]. Lastly, the recently published fourth version of
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EPOS (EPOS4) [96–99] is considered. At least one reconstructed track is re-
quired in all events for the determination of the number of events for the nor-
malization, which puts the data and the simulation on a common ground. The
measured mean multiplicities found in data and in the generators match within
2%, providing a reasonable comparison. The obtained spectra and the ratios to
data are depicted in Fig. 4.21. Generally, a reasonable description of the data
is achieved by all generators. The yields are underestimated by around 1.5 to
2, which is a common finding for strange hadrons [7, 8]. The spectral shape is
more or less captured, with EPOS LHC [63] performing best and PYTHIA 6 [95]
worst. Notably, the shape of the MC spectra is closer to the one of Λs, implying
that the generators have been tuned to these, as this data is readily available.
This, however, results in a comparably flat Σ+/Λ ratio as a function of pT. A
similar finding was made for Σ0 [2]. This again leads to a ratio of the integrated
yields of around 0.4, both in PYTHIA and in EPOS, which is neither sup-
ported by thermal model calculations, nor by the data presented in this thesis
(see previous section). This finding underlines the importance of the Σ baryon
pT spectra to tune those models.
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Figure 4.21: Comparison of the minimum-bias Σ+ pT spectrum in pp collisions at
√
s = 13 TeV

with PYTHIA 6 [95], PYTHIA 8 [62], EPOS LHC [63], and EPOS4 [96–99] event
generators. Generally, the pT shape is reasonably well described, while all genera-
tors underestimate the production of Σ+ by a factor of around 2.
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5 Measurement of the p–Σ+ correlation

function

In this chapter, the measurement of the correlation function of protons and
Σ+ and its comparison to theory is presented. As already discussed, the par-
tially Pauli-forbidden decuplet channel is inaccessible by the N–N and N–Λ
systems [20], which leads to a large uncertainty on the nature of this interac-
tion. Extending the femtoscopic studies to the Σ sector is thus inevitable to
complete the picture. In the context of neutron stars, the Σ− baryons are most
interesting to study, as these would presumably occur first [12–14]. Experimen-
tally, however, their decay into a neutron makes them almost inaccessible, at
least for femtoscopic measurements (compare section 5.1.6). The Σ0 is, in con-
trast, relatively easy to reconstruct, as it decays into a Λ and a photon [9] that
can both be measured. Consequently, the p–Σ0 was measured in a previous
analysis [22, 23]. However, multiple caveats are present in this channel. Firstly,
the purity of the Σ0 is low due to its short lifetime as discussed earlier. The
genuine contribution to the correlation function is only 22% in the given anal-
ysis, while the dominant contribution is the p–Λ correlation function, smeared
by an uncorrelated photon. Together with the limited statistics, this results
in insignificant and not particularly meaningful results; the measured correla-
tion function is in good agreement with both the p–Λ(γ) baseline as well as all
considered models within less than 1σ [22, 23]. Furthermore, the presence of
coupled channels (pΣ0 ↔pΛ and pΣ0 ↔nΣ+) imposes an additional complica-
tion.
The Σ+ allows much higher purities due to its weak decay and additionally cou-
pled channels at low k∗ are completely absent. Following these considerations,
one can conclude that the p–Σ+ channel is the best suited one to study the
interaction between Σ baryons and nucleons.
Nonetheless, one needs to take another look at the reconstruction of the Σ+.
As shown in section 4.2, the inclusion of the calorimeters and consequently the
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omission of the demand of two photon conversions significantly improved the
reconstruction efficiency. However, one must recall that the acceptance of the
calorimeters in ALICE is rather small and does not nearly cover the full ac-
ceptance of the central barrel detector [231–233]. This limits the efficiency and
leads to a non-isotropic acceptance, which is not well suited for femtoscopic
measurements. In fact, it is found that the statistics obtained by the recon-
struction method presented in chapter 4 is still insufficient for a significant
femtoscopic signal. The reason for this is that the region of interest in fem-
toscopy is at (very) low relative pair momenta. In order to have such low pair
momenta, the particles not only need to have similar momenta, but also need
to enclose a small angle. This two-dimensionality leads to a very high demand
on the statistics. In case of protons and Σ+, this is aggravated by the com-
pletely different pT dependences of the reconstruction efficiencies, which limits
the overlap in momentum space. For this reason, it was necessary to improve
the reconstruction even further, which will be presented in section 5.1.1.
Beyond the particle reconstruction, new methods for the determination of the
λ parameters and the phase-space contribution to the correlation function have
been developed within the scope of this thesis. They will be presented in sec-
tion 5.3 and 5.4.1, respectively. The purpose of these measures is to mitigate
common issues and minimize systematic uncertainties, ultimately optimizing
the significance of the measurement.

5.1 Σ+ sample

As already seen in section 4.2, the bottleneck of the reconstruction efficiency
are the photons. Removing one of the conversion photons and replacing it with
a calorimeter cluster greatly helped improving the efficiency, so it seems natural
to follow this idea and drop the second photon completely. Such missing-mass
analyses are not uncommon in high-energy physics and might be employed if
an unobservable particle like a neutron or neutrino occurs at any point in the
decay chain [287]. In such cases, the information on the unobserved particle is
missing. This adversely affects the momentum resolution of the mother particle,
which is, nonetheless, crucial for the calculation of the correlation function. In
case of Σ+, however, one can use domain knowledge on the decay to derive the
missing momentum components, which will be described in the following.
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5.1.1 Missing-mass reconstruction

In section 4.1 it was discussed that one can make use of the short lifetime of the
neutral pion to reconstruct the decay vertex of the Σ+ using only the proton
and one of the photons. This is also done here. Once the topology is known,
one can make use of momentum conservation and the fact that the Σ+ decay
consists of two consecutive two-body decays to derive the momentum compo-
nents of the unobserved photon. The transverse momentum of the proton with
respect to the flight direction of the Σ+ equals the corresponding transverse
momentum of the pion. The same holds true for the transverse momenta of the
two photons with respect to the flight direction of the pion. This already allows
to eliminate two of the momentum components of the unobserved photon. The
third one can then be calculated from the known invariant mass of the π0.
The laboratory system is not well suited to solve the constraints outlined above.
Instead, one might consider the following orthonormal basis with the unit vec-
tors ~e1, ~e2, and ~e3. The vector ~e1 points in the flight direction of the Σ+ and
can be constructed from the decay vertex and the primary vertex. The vector
~e2 is perpendicular to the decay plane of the Σ+ and is constructed by the cross
product of the (normalized) momentum vector of the proton and ~e1. The vector
~e3 is then perpendicular to ~e1 and ~e2 and points in the direction of the transverse
momentum component of the proton with respect to the flight direction of the
Σ+. Due to the choice of this coordinate basis, the problem to solve effectively
becomes a two-body problem in each dimension, which is straight forward to
solve using the conservation of momentum.
Let ~pp = {pxp

, pyp
, pzp

} be the momentum vector of the proton in the basis
described above and ~pγ1 = {pxγ1

, pyγ1
, pzγ1

} and ~pγ2 = {pxγ2
, pyγ2

, pzγ2
} be the

momentum vectors of the observed and the unobserved photon, respectively.
In this nomenclature, pzp

is the transverse momentum of the proton with re-
spect to the flight direction of the Σ+. Obviously, this needs to be compensated
by the photons, which implies

pzγ2
= −(pzp

+ pzγ1
). (5.1)

The same holds for the second component, which is, however, zero for the
proton. Vividly, the second momentum component points outside of the plane
of the proton and the π0, thus it needs to be carried by the photons alone,
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which then implies that

pyγ2
= −pyγ1

. (5.2)

For the third component, one may consider Eq. (4.1), which relates the invariant
mass of the pion to the momentum of the photons and the angle they enclose.
With this one finds

m2
π0 = 2 · (|~pγ1| · |~pγ2| − |~pγ1 · ~pγ2|). (5.3)

Equation (5.3) can now be solved for pxγ2
. A closed-form solution exists and

can be written as

pxγ2
=

a · b
1 − b2

±
√

a2 · b2 − (b2 − 1) · (a2 − c)

b2 − 1
(5.4)

with

a =
m2

π0

2
+
pyγ1

· pyγ2
+ pzγ1

· pzγ2

|~pγ1|
b =

pxγ1

|~pγ1|
c = pyγ2

· pyγ2
+ pzγ2

· pzγ2
.

(5.5)

One may note that in Eq. (5.4), the second term may have a positive or nega-
tive sign with only one of them being physical. It is - faute de mieux - assumed
that the one that leads to an invariant mass closer to the nominal Σ+ mass is
the correct one, which is also backed up by the simulations. No adverse effect
on the background is observed and no signal peak is faked.
Finally, one only needs to transform the momentum vector of the unobserved
photon back to the laboratory system.
Having the momentum of the unobserved photon, one can calculate the mo-
mentum and invariant mass of the Σ+ just as before. The invariant mass is
shown in Fig. 5.1. The reconstruction method described above will be referred
to as PCM (single γ) or simply single-γ method in the following.
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Figure 5.1: Invariant-mass distribution of Σ+ reconstructed with the method described in the
text. The visible broadening of the peak is not caused by the missing momen-
tum, but rather by the resolution of the secondary vertex. This will be treated in
section 5.1.2.

5.1.2 Resolution improvement

Apparently, the resolution is worse than in the previous methods, which is the
result of information loss. In concrete terms, it is found that the limiting factor
is the resolution of the secondary vertex. One might ask why this issue was not
encountered in the method presented in section 4.1, which also made use the
secondary vertex for the construction of the second photon. The reason is the
different length scale. In the PCM-Calo method, the photon is constructed as
the connecting line between the secondary vertex and the calorimeter cluster,
which are several meters away from each other. Therefore, the resolution of the
secondary vertex, which is in the order of millimetres, is negligible. In fact, the
method even produces reasonable results when not using the secondary vertex
at all and assuming that the photons originate from the primary vertex. In the
single-γ method, however, the distance between the primary and the secondary
vertex, which is only a few centimetres, is the scale of interest, and thus the
resolution of the secondary vertex has a sizeable effect. The limited resolution
also affects the momentum resolution of the reconstructed Σ+ baryons. This is
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of course not optimal for investigating small momentum differences of particle
pairs, which is the goal of the analysis. This led to the idea to fix the mo-
mentum resolution by using the known mass of the Σ+ baryon as an additional
constraint, i.e. to find a correction of the secondary vertex that optimizes the
invariant mass, as this also optimizes the momentum. To do so, a coordinate
transformation into spherical coordinates is performed. In order to understand
why this is useful, one may consider the orthonormal basis used before. Here,
the base vector ~e1 points into the flight direction of the Σ+ and hence contains
the information about the secondary vertex. Since it is a unit vector, the radius
of the secondary vertex, i.e. the length of the vector cancels. Advantageously,
the radius of the secondary vertex is the coordinate with the worst resolution.
Thus, only θ and ϕ remain as error prone parameters. Their resolution can
be obtained from the simulation and is displayed in Fig. 5.2. Since there is no
closed-form solution for the optimization, an iterative algorithm is applied to
find the corrections ∆θ and ∆ϕ that optimize the invariant mass of the Σ+. The
search window for both ∆θ and ∆ϕ is chosen to be ±20 mrad. The momentum
resolution before and after the correction is shown and discussed in Fig. 5.3.
The resulting resolution in k∗, which is of interest for the correlation function,
is shown in section 5.4.3.
By construction, the resolution correction shapes the invariant-mass distribu-
tion to the nominal Σ+ mass. In the limit of infinite iterations, the distribution
would resemble a delta-like function and this holds for the signal and the back-
ground in equal ways. The determination of the purity is therefore performed
using the uncorrected distributions and is described in section 5.1.4.
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5.1.3 Σ+ selection

The particle selection is much more challenging in case of the single-γ method
compared to the previous PCM-Calo method, as the most important selection,
the pointing angle, cannot be used anymore. This coincides with a high demand
on the purity, as impurities in the particle sample degrade the significance of the
femtoscopic signal, which will be discussed in section 5.3. Advantageously, fem-
toscopy does not require precise knowledge about the reconstruction efficiency.
In fact, it therefore equalizes the major drawbacks of machine learning that are
biases in the efficiency correction and difficulties of quantifying its systematic
uncertainties as discussed in section 3.2. Consequently, femtoscopy is an ideal
use case for machine learning.
Following these considerations, a boosted decision tree [250], which was thor-
oughly introduced in section 3.2.1, is used to select the Σ+.
For the training of the model, one needs a signal and a background sample.
The signal is generally taken from a MC simulation. For the background sam-
ple, different approaches exist. A common one is to use the sidebands of the
invariant-mass peak from the data. This is preferable if the background is not
well described by the simulation or particularly if there is hardly any back-
ground in case of injected particles. However, one must take care that the data
is very well described by the simulation, as otherwise a model could be acci-
dentally trained on the differences between the data and the simulation rather
than learning actual signal characteristics, which can result in very poor per-
formance.
In any case, the reconstruction method presented here does not allow the use
of sidebands, as the peak is too broad and the observables depend indirectly on
the invariant mass. Therefore, a simulation is required that produces a physical
background.
Fortunately, a large data set was produced that can be used for this purpose.
This simulation comprises around 6 · 108 PYTHIA 8 events which are triggered
for high-multiplicity. The triggering was done by checking the multiplicity in
the rapidity region of the V0 detectors. The threshold was set such that the
average multiplicity roughly corresponds to the one in the high-multiplicity
triggered data set in data.
The distributions of the Σ+ features used for training the model are shown in
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Figure 5.4: Correlation plot of the Σ+ features used for the training of the boosted decision
tree [250]. Figure created with Hipe4ML [248].

Fig. 5.6 and 5.7. As it is visible, the features are plentiful and the signal is not
well separated from the background in any of the features, which calls for the
use of a multivariate selection. An important figure to look at is the correlation
plot that is shown in Fig. 5.4. If a feature is fully (anti-)correlated with another
feature, it brings no value to the selection. To the contrary, it can corrupt the
model in certain machine learning implementations. Boosted decision trees are,
however, rather robust to those correlations [265]. Two correlations are visible
by eye. The DCA parameters of the protons are correlated, as both DCAxy

and DCAz grow with an increasing decay length of the Σ+. This is different
in the case of primary protons, where these values are randomly distributed
within their resolution as seen in Fig. 5.17. Moreover, there is a correlation
between the invariant mass of the V 0 candidates and the transverse momentum
qT within the V 0 candidates, which is a consequence of the kinematic relation
that is exploited in the Armenteros-Podolanski plot [275] (see Fig. 4.1).
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Figure 5.5: ROC-AUC curve of the Σ+ selection for the testing sample. Figure created with
Hipe4ML [248].

The tuning of the hyperparameters is done using both a custom grid search26

as well as the optimization framework optuna [249]. It is found that the ROC-
AUC score is rather stable as long as the hyperparameters remain in a reason-
able regime.
The learning rate is chosen to be 0.01 and the maximum tree depth to be 8.
These parameters reflect the complexity of the classification as well as the pre-
disposition for overfitting. Due to the low learning rate, 2000 estimators are
needed. A saturation effect is observed in this parameter. To further suppress
overfitting, a subsampling is introduced which draws a unique random subset
of half of the candidates for each estimator.
The performance of the Σ+ selection can be probed as usual by considering the
ROC-AUC curve (Fig. 5.5) and the distributions of the BDT scores for signal
and background (Fig. 5.8). The ROC-AUC value amounts to around 0.98, a
very good value, considering that it ranges from 0.5 (random selection) to 1
(ideal selection). The curves are very similar for the training and testing sam-
ple, indicating little overtraining. The Σ+ are selected above a BDT score of

26The optimization using optuna [249] runs quite slowly and aggressively consumes computing resources. It was
found to be beneficial to reduce the search window by a simple grid search before running the sophisticated
TPE [266] approach.
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0.6, aiming for a purity of 90%. The purity is calculated using a data-driven
approach introduced in section 5.1.4. Below 1 GeV/c the cut-off value is re-
laxed by 0.1, as the efficiency is already affected quite severely. Still, a purity
of 75% can be preserved in the lowest bin. The same cut-off value is also used
above 4 GeV/c, as there is only little background. Nonetheless, the region
above 4 GeV/c hardly contributes to the correlation function, as there is little
overlap with the protons and the phase space is large, resulting in a very low
probability to produce a low-k∗ pair.
The feature importances measure the impact of a given parameter on the out-
put score. They are shown in Fig. 5.9 for the Σ+ as shap [271] values (see
section 3.2.1). The highest value is found for the TPC PID of the decay daugh-
ters of the V 0 candidates. The reason for this is that no preselection is implied
on this parameter. The distribution of the parameter is seen in Fig. 5.6. Ap-
parently, a sizeable amount of background entries can be rejected purely based
on this parameter, boosting the shap value. It must thus be considered as an
artefact of the preselection. Apart from that, the most important parameters
are the topological features, which allow to distinguish the signal from random
combinatorial background. This finding is expected from the classical selec-
tion in section 4.1.3, where also the topological selections were most impactful,
particularly the pointing angle.
Around 1.8 ·106 Σ+ are selected for further analysis. The raw pT distribution of
the selected Σ+ is shown in Fig. 5.20 together with the selected protons. The
distribution of the Σ+ in η and ϕ is shown in Fig. 5.10. Due to the composite
nature of the Σ+, non-uniformities in the efficiency are washed out, resulting in
a mostly uniform distribution in η and ϕ.
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Figure 5.6: Features of the Σ+ used for the training of the boosted decision tree [250]. Continued
on page 149.
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Figure 5.7: Features of the Σ+ used for the training of the boosted decision tree [250] (con-
tinuation). All distributions are normalized to the total number of entries. The
background contains all combinations of proton and photon candidate pairs which
fulfil a coarse preselection.
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Figure 5.8: Distributions of the BDT scores for the signal and the background of the Σ+. Figure
created with Hipe4ML [248].
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5.1.4 Purity determination

Knowledge about the purity of the selected particle sample is crucial for fem-
toscopy, as it enters the so-called λ parameters [15], necessary to compare the
experimental correlation function to theory. This will be further discussed in
section 5.3.
As already elaborated, the purity is evaluated with the uncorrected invariant-
mass spectra. Regarding the background description, the same considerations
that were discussed in section 4.3.1 hold. Since there is no calorimeter cluster
that could be mixed, event mixing would require to mix the proton and the
PCM photon. This is not straight forward, as there is sizeable correlated back-
ground in this pair, e.g. from Σ0 or ∆+ decays [9], which would need proper
consideration. Therefore, this approach is not followed. Instead, the purity is
evaluated by fitting the data momentum differentially with templates of the
signal and background distributions taken from the simulation.
Naturally, this method works only up to a certain purity due to the vanish-
ing statistics in the background template, leading to an increasing number of
invariant-mass bins to remain empty. Thus, fitting the templates on a bin-by-
bin basis is found to be rather unstable.
Alternatively, one can make use of the dextral tail of the background to scale
the templates by defining two distinct regions in the invariant mass, the peak
region (PR) from 1.17 to 1.21 GeV/c2 and the tail region (TR) from 1.25 to
1.35 GeV/c2. Within these regions, the number of counts in the signal tem-
plate (S), background template (B), and total data distribution (T ) are eval-
uated by means of bin counting. The weights of the background (wB) and
signal (wS) templates can then be easily evaluated as the solutions of the cor-
responding system of linear equations given below.

wB =
SPR · (TTR − TPR)/(STR − SPR) − TPR

SPR · (BTR −BPR)/(STR − SPR) −BPR

wS =
TTR − TPR − (BTR −BPR) · wB

STR − SPR

(5.6)

This method produces stable results without any need for fitting. Furthermore,
the systematic uncertainties can be evaluated by varying the width of the used
regions, in addition to considering the residuals between the template sum and
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the data.
For a quantitative description, the templates need to be normalized and scaled
by the weights and the total number of counts in the data distributions. This
is shown exemplarily for one pT bin in Fig. 5.11.
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Figure 5.11: Invariant-mass distribution of Σ+ candidates with 2.0 < pT (GeV/c) < 2.5 with
fitted MC signal and MC background templates. In the lower panel, the ratio
between the data and the sum of the MC templates is shown.

Apparently, the sum of the scaled signal and background distributions repre-
sents the data very well, indicating that the templates indeed resemble the
corresponding data distributions.
The Σ+ are selected in the invariant-mass region from 1.15 to 1.23 GeV/c2 and
are subsequently subjected to the resolution correction described earlier. The
signal and background counts are evaluated by summing the bins of the scaled
templates in the given region. Finally, the purity is evaluated from the signal
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and background counts. It is displayed in Fig. 5.12. For comparison, the purity
of the PCM-Calo method is also shown.
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Figure 5.12: Purity of the selected Σ+. For the PCM-Calo method, the purity is evaluated in
a 3σ interval around the nominal mass, while for the single-γ method an interval
of 1.15 to 1.23 GeV/c2 is used, which roughly corresponds to a 2σ interval.

5.1.5 Reconstruction efficiency and cross check

The reconstruction efficiency using the single-γ method is depicted in Fig. 5.13.
The overall improvement compared to the PCM-Calo method is around one
order of magnitude. Particularly at low momenta, an even more significant
improvement can be achieved. This is not surprising, considering the low ac-
ceptance of the calorimeters and the energy cut-off. Since the second photon is
not measured at all, its energy can have virtually any value down to 0. Also,
it might propagate perpendicular to the direction of flight of the Σ+ due to
the low boost and thus out of the acceptance of the central barrel detector.
In terms of the central barrel acceptance, this yields a virtual reconstruction
efficiency above 100%, which is not achievable with any other method.
Nevertheless, in the lowest momentum bins at pT < 1 GeV/c, the efficiency
of this method also drops steeply. This is dominantly related to the declining
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selection efficiency. Most of the background is situated in the low-momentum
region and also the secondary vertex is much closer to the primary vertex, mak-
ing it much more challenging to discriminate between signal and background,
even with the help of machine learning. When demanding purities above 70%,
as desired for femtoscopy, selection efficiencies in the single-digit percentage
range occur.
Having calculated both purity and efficiency allows to produce a pT spectrum
with this method. The purpose is to cross check with the previously obtained
spectrum, which was measured using established methods, to verify that the
new method produces reasonable results. In particular, it must be made sure
that the observed signal is not fake, that the selection is not (strongly) biased,
and that the purity determination using the template method works well over
the full momentum range. The comparison is depicted in Fig. 5.14. Obviously,
the spectra are in very good agreement with each other. It must be noted
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that the depicted systematic uncertainties only correspond to the ones of the
PCM-Calo method; still they suffice to explain the deviations, implying that
the previous analysis steps work as desired.
It seems compelling to use this method also to obtain an integrated yield, but
caution is advised as discussed in section 3.2.1. Despite the good agreement
with the PCM-Calo method, there is quite some systematic deviation above
3.5 GeV/c, and below 1 GeV/c no comparison can be made. The deviations
could stem from a bias in the efficiency correction and also the purity estimation
is a source of uncertainty. In any case, the systematic uncertainties are difficult
to handle properly and would be larger than in the PCM-Calo method. Since
the systematic uncertainty already exceeds the statistical one in the PCM-Calo
method, no benefit arises in terms of the pT spectra. For femtoscopy, however,
the much higher statistics makes this method favorable.
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Calo method. The lower panel shows the ratio, indicating a very good agreement.
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5.1.6 Alternative reconstruction methods

In addition to the reconstruction methods presented in this work, two other
reconstruction methods of the charged Σ baryons have been developed by other
ALICE collaborators27 during the course of this thesis.
The first one exploits the decay of the charged Σ̄ baryons into an anti-neutron
and a charged pion [288]. The anti-neutron is measured by the annihilation
in the PHOS detector that gives a characteristic signal. As this implies, only
the anti-particles can be measured. However, this also gives access to the Σ̄+

(anti-particle of the Σ−) that is inaccessible for the reconstruction methods
presented in this thesis. The major drawback of this method is that the res-
olution is poor, reportedly 1 GeV/c in the momentum28, which is because the
energy of the neutron can only be calculated either from the deposited energy
or from the time of flight, which both have a rather modest resolution. This
is completely prohibitive for femtoscopy, considering that one seeks to measure
very small momentum differences. Moreover, the secondary vertex cannot be
reconstructed, which limits the purity, and lastly the low acceptance of the
PHOS detector must be considered (see section 2.2.4). All in all, this makes
this method unsuited for femtoscopic measurements.
Another method also exploits the decay into a (anti-)neutron and a charged
pion by measuring only the pion. This gives access to all charged Σ baryons
and anti-baryons29. The method makes use of the fact that the neutron car-
ries most of the momentum of the Σ, which causes the pion track to exhibit a
so-called kink topology. This of course requires the Σ to be measured directly,
which apparently became possible with the upgraded ITS in LHC Run 3, whose
first layer is closer to the interaction point [289]. It is, however, still very un-
likely for the Σs to traverse several layers of the ITS, which is necessary for
a precise momentum measurement, particularly for low-momentum particles.
Even more importantly, the method is not able to distinguish between particles
and anti-particles, since only the charge of the pion and not the baryon number
of the neutron is known. That rules out this method for femtoscopy.
Similarly, the proton could be measured in the TPC instead of the pion, which
would allow to distinguish between particles and anti-particles. In this case,

27I was not personally involved in the analyses outlined in this section.
28Personal communication with the analyzer P. Gordeev.
29The analysis is not published.
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however, the kink angle is extremely small, since the proton carries most of
the momentum, which is further aggravated by the boost at high momenta.
Consequently, the resolution and efficiency of this approach is limited.
In summary, it can be concluded that the reconstruction scheme of the Σ+ pre-
sented in this thesis remains the only one, which is (currently) well suited for
femtoscopy with charged Σ baryons.

5.2 Proton sample

Other than the Σ+ baryons, the protons are stable particles [9]. They are thus
reconstructed as tracks, readily at hand for analysis, and common values exist
for their selection [15, 282]. Typically, a 3σ selection is applied on the dE/dx
in the TPC. Above around 0.9 GeV/c, where the dE/dx bands start to over-
lap, an additional selection of 3σ is applied on the TOF response. A cut-off is
applied at 4 GeV/c, as also the other bands in the TOF start to overlap with
the proton band at that point. This selection leads to a very good purity of
around 99% [15]. In order to reject protons from weak decays, a selection on
the DCA to the primary vertex is introduced. Typical values for femtoscopic
analyses are 1 mm in the xy-plane and 2 mm in z [15]. Even though commonly
used, one must note that fixed selections on the DCAs to the primary vertex
neglect their sizeable momentum dependence, leading to a by far non-optimal
selection. The reason for the usage of fixed selections is that it is otherwise
challenging to use template fits to determine the primary fraction as outlined
in section 5.3. With the DCA selections stated before, contamination fractions
of the proton sample as large as 12.8% are found, with 9% coming from Λ decays
and 3.8% coming from Σ+ [15]. Thus, the contribution of the feed-down exceeds
the contamination by misidentification by more than one order of magnitude.
Therefore, it is compelling to apply machine learning also to the selection of
the protons in order to improve these values. Machine learning optimizes the
proton selection in several ways. The machine learning model naturally takes
into account the momentum dependence of the DCA to the primary vertex,
significantly improving the primary fraction. Moreover, also the efficiency and
the reach of the particle selection is improved. As one may see in Fig. 2.6,
the dE/dx band of the protons overlaps with the electron band first, which
is then followed by a region where no overlapping takes place. A ML model
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can identify those regions, allowing to improve the efficiency by loosening the
TOF selection automatically. The range of the PID can also be extended be-
yond 4 GeV/c without sacrificing a good purity by an asymmetric selection,
rejecting the incoming kaons. Finally, also correlations between the DCA and
the PID information can be exploited, making use of the different DCA dis-
tributions of the particle species and their different corresponding momentum
dependencies.
The approach is similar to the one described in section 5.1.3. The only differ-
ence is that instead of a binary classification (“signal” and “background”), three
classes are used. These are “primary protons”, “secondary proton”, and “non-
protons”. The hyperparameters are tuned again in the described way. Also here
it is found that the dependence of the ROC-AUC score on the hyperparameters
is not very strong in a reasonable regime. The optimal parameters are found
to be again 0.01 for the learning rate, 7 for the tree depth, and 1200 for the
number of estimators.
As input parameters, DCAxy and DCAz to the primary vertex, the number of
ITS and TPC clusters, the absolute momentum, and the TPC and TOF PID
information is used. The PID information is presented both parametrized (nσ)
and unparametrized (β, dE/dx). The distributions of the features are displayed
in Fig. 5.17. The correlations of the features are shown in Fig. 5.15. As ex-
pected, β and nσ,TOF are correlated with each other. Other sizeable correlations
are not visible. The performance of the model can again be studied using the
ROC-AUC curve, which is displayed in Fig. 5.16. The plot is more challenging
to interpret than in the binary case as there are now 3×2 curves displayed.
What one can still easily see is that the particle identities are easier to disen-
tangle than their origin, characterized by a larger area below the orange and
green curves. This behavior is expected, considering that the contamination
from feed-down is much larger than from misidentification when using stan-
dard selections [15] as discussed above. This is also clearly a consequence of
the momentum distribution of the protons. The particle identification becomes
challenging only at higher momenta where the PID bands converge, resulting
in lower purity. High momenta are, however, exponentially suppressed, giv-
ing them less weight when calculating average purities. The plain average of
the ROC-AUC scores is found to be 0.968, automatically evaluated in the fig-
ure by Hipe4ML [248]. This, however, also includes the discrimination between
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Figure 5.15: Correlation plot of the proton features used for the training of the boosted decision
tree. Figure created with Hipe4ML [248].

secondary protons and misidentified particles, which is not interesting for this
analysis. The proper value is thus slightly lower.
The resulting BDT output distribution for primary protons is displayed in
Fig. 5.18. A cut-off of 0.5 is chosen, above which primary protons are dominant.
One may note here the log-scale. The feature importances are again calculated
as shap [271] values and are displayed in Fig. 5.19. The importances are plotted
as a stack plot, where the size of the colored bars indicates the importance of
the given feature for a given class, e.g. dE/dx for misidentified particles. Not
surprising, the PID values are more important for the identification of the par-
ticles and the DCA values are more important for the discrimination between
primaries and secondaries. Nonetheless, the importance of the DCAs for the
misidentified is not negligible, as is the importance of the PID for secondaries.
This indicates that indeed the particle selection benefits from the combination
of topological and PID information, which was one of the motivations of using
machine learning for the proton selection in the first place.
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Figure 5.16: ROC-AUC curves (One vs. one, OvO) of the BDT proton selection. As explained
in the text, 3 classes have been used, resulting in 6 distinct ROC-AUC curves.
Figure created with Hipe4ML [248].

Around 2.7 · 106 protons are selected for further analysis. This includes only
protons from events30 with at least one selected Σ+. Fig. 5.20 shows the pT

distribution of the selected protons and the selected Σ+. The mean pT of the
protons amounts to roughly 1.4 GeV/c. While this is significantly lower than
in the Σ+ sample (2.7 GeV/c), still a sizeable overlap is present as seen in the
figure. The overlap is crucial for femtoscopy, as particles with similar or equal
masses require similar momenta to have small relative momenta k∗ in the pair
rest frame. Luckily, the Σ+ is almost 27% heavier than the proton [9], consum-
ing some of the mean pT difference.
The distribution of the protons in η and ϕ is shown in Fig. 5.21. Non-uniformities
in the efficiency are more pronounced compared to Σ+, particularly the vanish-
ing acceptance above |η| > 0.8 is visible.
The evaluation of the purity and the primary fractions is presented in sec-
tion 5.3.

30Due to the vast number of protons in the full data set, only events with at least one Σ+ candidate were stored
offline for further processing. The events were further filtered offline to contain a Σ+ that passed the final
BDT selection. Only those events are considered in the following.

161



Chapter 5. Measurement of the p–Σ+ correlation function








































































































































Figure 5.17: Proton features used for the training of the BDT model. The distributions are
shown for the three used classes “primaries”, “secondaries”, and “misidentified”.
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Figure 5.18: Distributions of the BDT scores for primary protons, secondary protons and
misidentified particles. Figure created with Hipe4ML [248].
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Figure 5.19: Importances of the proton features calculated as shap [271] values. Figure created
with Hipe4ML [248].
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5.3 λ parameter determination

Every sample of particles contains a finite fraction of particles that are misiden-
tified or originate from feed-down or knock-out from the detector material [15].
This particularly holds for composite particles, which always have a finite com-
binatorial background. If one is only interested in the yield, one can simply fit
or construct the background (compare section 4.3.1) and subtract it. For a sin-
gle particle, however, one cannot make a definite statement about its origin or
identity. Thus, an experimental correlation function is always a superposition
of multiple contributions.
In order to disentangle the measured correlation function, it is crucial to know
its composition. In the terminology of femtoscopy, the probability that a given
pair is of a certain type is often expressed in terms of λ parameters [15]. With
these, the total (measured) correlation function C(k∗) can be written as [15]

C(k∗) =
∑

i,j

λi,jCi,j(k
∗) (5.7)

where Ci,j(k
∗) are the correlation functions if all pairs would be of type i and

j. By construction

∑

i,j

λi,j ≡ 1. (5.8)

One must note that the λ parameters are not constant values, but they are cer-
tainly a function of the momenta of the particles. This momentum dependence
translates into a k∗ dependence, which needs to be considered to avoid biases.
However, often only average values are given.
In any particle sample, typically two kinds of contaminations are present, which
are misidentification and feed-down. Misidentification is when a particle is con-
fused with a different particle species, for instance a kaon is assumed to be a
proton, or in case of a composite particle, a background candidate is assumed
to be signal. Feed-down, in turn, is a well identified particle, which, however,
originated from a weak decay; for instance a proton stemming from a Λ decay.
Often, the purities Pi and the primary fractions fi of the paired particle samples
are evaluated individually and separately for the two particles of interest. It is
then assumed that these quantities factorize such that the λ parameters can be
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computed by [15]

λi,j = fiPifjPj. (5.9)

While this should always hold at lowest order, higher order correlations might
be present, but are typically neglected as there is no straight forward way of
obtaining them.
Eq. (5.7) implies that in order to obtain the contribution of interest from the
measurement, one needs to know all other contributions beforehand. While
these are readily available for pairs that have already been measured or whose
interaction is well known, often not all contributions are at hand. This is par-
ticularly the case for feed-down contributions. If a particle originates from
feed-down of a weakly decaying particle, it does not exhibit a final-state in-
teraction with other particles, as the decay occurred too far from the primary
vertex. The mother particle, however, might show signs of a final-state in-
teraction. This signal is then washed out by the decay, leading to a non-flat
correlation function [15]. Similarly, residual correlations can occur in the case
of electromagnetic decays, for instance in the p–Σ0 system, where the Σ0 de-
cays into a Λ and a photon. The Σ0 is extremely short-lived, such that the Λ
daughters cannot be distinguished from primaries. In these cases, the sidebands
of the invariant-mass peak are often taken as a proxy for the contribution of
the combinatorial background [23]. Also, attempts have been made to trans-
form the known underlying correlation functions kinematically to describe the
feed-down contributions, firstly investigated in Ref. [290]. The procedure was
already successfully applied to various systems [15], including p–Σ0 [22], based
on the methods developed in Ref. [291]. For all other contributions, in particu-
lar for knock-out, the correlation function is often assumed to be flat [15]. This
seems reasonable if the contribution is not large, but one should be aware that
it might create a bias if unchecked.
In any case, one first of all needs to consider which contributions are signifi-
cant. As discussed in section 4.3.2, the only background contribution in the Σ+

baryon sample is the combinatorial background. This purity is obtained from
the MC template fits presented in section 5.1.4. The feed-down from strong
resonances is treated via the source size as discussed in section 5.5.1.
In case of the protons, typically misidentification, feed-down from Λ, feed-down
from Σ+, and knock-out from the detector material are considered, while feed-
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down from rare probes is neglected [15]. This strategy is followed also in this
thesis. The fraction of misidentified particles is typically obtained from a MC
simulation. Taken accurately, this only works if all relevant pT spectra are
reproduced exactly by the simulation, which might not be the case. For the
protons, however, this MC method gives results that are consistent with the
method used in this analysis as shown in Fig. 5.25. For the feed-down, template
fits of the DCAxy distributions are typically used to access the secondary frac-
tions [15]. This is, however, challenging to do pT differentially, as this requires
sufficiently large statistics in all pT bins of the templates, both in data and in
the simulation. In case of a machine learning selection, it is not possible at all,
since there is no fixed selection on the DCA distributions. Additionally, tem-
plate fits make it complicated to derive an uncertainty on the ratios, which is
why they are rarely shown [15]. Nevertheless, the secondary fractions are highly
error prone. For these reasons, a completely new method was developed within
this thesis. The idea of this method is simple and can be illustrated with an
example.
In order to find the feed-down fraction from Λs to the protons, one can take
the measured spectrum of Λ baryons [242, 285] as a starting point. This is then
scaled by the branching ratio of the decay into protons and subsequently folded
by the momentum distribution of the protons as a function of the Λ momen-
tum, which results in an effective spectrum of protons from Λ decays. To this
end, the phase space of the decay is simulated using “TGenPhaseSpace” from
ROOT [245]. The effective spectrum is further weighted by the reconstruction
efficiency of protons from Λ decays. This reconstruction efficiency differs from
the reconstruction efficiency of Λ baryons, as it is not necessary to correctly
reconstruct the Λ in order to measure its decay proton. Furthermore, the recon-
struction efficiency is lower compared to primary protons, as secondary protons
are suppressed due to their larger DCA to the primary vertex. A comprehensive
plot of all relevant efficiencies is given in Fig. 5.22.
One can finally take the ratio of those spectra and the sum of the spectra to
obtain the fraction of the respective contribution as a function of pT. The same
procedure is repeated for protons from Σ+ decays.
Advantageously, the spectrum of Σ+ with the high-multiplicity trigger is mea-
sured within this thesis and is thus readily available for the method outlined
above. For the Λs this is not the case, since there is no measurement of the Λ
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pT spectrum using the high-multiplicity trigger. Instead, the Λ baryons have
been measured in several multiplicity classes, the so-called V0M classes, ranging
from high multiplicity in class I to low multiplicity in class X [242, 285]. Here, I
and X are roman numerals31. The average multiplicity corresponding to class I
is almost as high as in the high-multiplicity triggered data set, but not exactly.
This makes it necessary to extrapolate these spectra to the correct multiplicity.
It can be shown that the integrated yield scales linearly with the multiplic-
ity [292], but this does not hold for the full spectrum. This is, because the yield
does not increase equally in all bins, but the spectra get harder with multiplic-
ity, i.e. the yield increases overproportionally at high momenta. Therefore, the

31The roman numerals correspond to multiplicity intervals defined by the ALICE collaboration. The intervals
can for instance be found in Ref. [242] and Ref. [282].
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extrapolation is performed on a bin-by-bin basis. As a cross check, the class I
spectrum is reproduced from the class II and class III spectra and is found to be
consistent with the measured class I spectrum. Thus, it is justified to assume
that this scaling holds also at slightly higher multiplicities. The spectra for the
3 multiplicity classes and the two extrapolated spectra are shown in Fig. 5.23
for the protons [282, 293] and the Λs [242, 285]. The resulting effective spectra
are displayed in Fig. 5.24. From this, the primary fractions are evaluated and
are shown in Fig. 5.25.
A similar procedure is done for the kaons and pions (both from Ref. [282, 293]),
which allows for a MC independent evaluation of the proton purity. It also
allows a cross check of the data-driven method described above. The resulting
purities for both methods are displayed in Fig. 5.25. A very good agreement is
evident. The minor deviation around 1.5 GeV/c can be attributed to electrons,
which are not considered in the data-driven method since there are no suitable
spectra available. Since their contamination is small, they are neglected.
The obtained quantities are functions of pT and need to be projected onto k∗.
This is done using the matrices displayed in Fig. 5.26. The matrices are eval-
uated in the mixed events to improve the statistics. Finally, the λ parameters
are evaluated using Eq. (5.9). The results are shown in Fig. 5.27.
The genuine contribution amounts to roughly 79% in the femtoscopic region. A
very good value that underlines the superiority of the p–Σ+ channel compared
to p–Σ0, where a value of only 22% was found [22, 23]. The main contamination
is the combinatorial background of the Σ+, which alone makes up more than
80% of the total contamination. The k∗ dependence is only modest, as the
spread in the purity of the Σ+ is only 15% and is washed out in the projection
onto k∗. The second most important contamination stems from the feed-down
into the protons, which contributes by around 2% in absolute terms. All other
contributions reside in the sub-percent regime. Thus, higher order contamina-
tions (e.g. misidentification of secondary pions) can be neglected. Furthermore,
the contamination from knock-out is also negligible in pp collisions [15].
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taken from Ref. [242, 285].
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5.4 Experimental correlation function

In this section, the experimental correlation function will be discussed. As
discussed in section 5.3, a rather high genuine fraction is achieved. Also, the
relative momentum resolution does not pose a problem, which will be discussed
in section 5.4.3. Even though the reconstruction efficiency could be improved
by several orders of magnitude, the statistics clearly remains the limiting factor.
Nonetheless, given the large spread of model predictions, the data is very con-
straining and allows to draw conclusions, which will be discussed in section 5.5.
For the k∗ distributions, firstly a reasonable binning has to be chosen. With a
too course binning, one is not able to resolve the correlation signal, while a too
fine binning has no significance in case of low statistics. It is found that a bin
width of 40 MeV/c is a reasonable trade-off for the p–Σ+ correlation function
given the available statistics. The first 30 MeV/c are spared as there are hardly
any entries in this region. Considering the model predictions, a strong rise of
the correlation function is expected below 100 MeV/c. To resolve this region
better, the width of the first two bins is reduced to 35 MeV/c which allows to
accommodate two bins below 100 MeV/c.
Given the rather large bin width, the center of gravity within each bin might
deviate from the bin center, which needs to be considered in order to compare
to theory calculations. Sometimes this is accounted for by shifting the markers
to the center of gravity, evaluated in the mixed events. However, clearly the
proper approach is to integrate the model under test over the unbinned phase
space distribution (i.e. mixed events) and compare the obtained distribution
to the same-event distribution. Nonetheless, it is found that shifting the bin
center to the center of gravity of the mixed event and evaluating the model at
that point gives almost identical results. Thus, a shifting of the bin centers in
the aforementioned way is justified, at least for esthetic purposes. In any case,
the shift is only visible in the first two bins and negligible in all others.
In order to obtain a correlation function from the relative-momentum spectrum,
one needs to construct an uncorrelated sample. This sample should ideally re-
semble the phase space distribution of the particles under study including all
detector effects, but break the correlation induced by the final-state interac-
tion. The correlation function is then simply given by the normalized ratio of
the pair-momentum distributions [11] as stated in Eq. (1.5). The construction
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of the uncorrelated sample is done in twofold ways, which will be elaborated in
the following sections.

5.4.1 Uncorrelated sample

The construction of the uncorrelated sample has similarity to the construction
of the invariant-mass background, which was discussed in section 4.3.1, and the
same considerations hold. In the standard approach of femtoscopy, the uncorre-
lated sample is built by taking the particles from different events [11]. Thereby,
the events are required to have similar vertex positions in z and similar mul-
tiplicities, where the used mixing parameters are equal or similar to the ones
stated in the aforementioned section. Even though this is a common practise,
it is known that it does only work well in large collision systems like Pb–Pb
and not in small ones like pp [11, 15]. Ideally, the correlation function should be
unity outside of the region where the final-state interaction is visible, i.e. larger
than O(100 MeV/c). This is, however, not the case in small collision systems
where the correlation function exhibits a rise in the order of 10% at relative
momenta of about 1 GeV/c [15, 23]. The effect is present in some Monte Carlo
generators, yet they fail to describe it quantitatively [15].
The increase is usually fitted with a simple polynomial up to third order. The fit
is carried out outside of the region of interest, starting from around 300 MeV/c.
The fit is subsequently multiplied to the femtoscopic fit and provides a reason-
able yet phenomenological description [15].
Particularly in the case of large statistical uncertainties, the background fit
introduces a sizeable contribution to the systematic uncertainty. Therefore, a
different approach to construct the uncorrelated sample was developed in the
scope of this thesis, which is described in the next section. It is used com-
plementary to the standard method, which is described in the following, by
providing a fit-independent comparison.

In the standard method, the particles are taken from different events. Sim-
ilarly to the event mixing for the invariant mass analysis (section 4.3.1), the
difference in the total number of tracklets in the acceptance is restricted to 4 and
the difference in the z-position of the primary vertices is required to be no more
than 1 cm. The mixing is done on a run-by-run basis to avoid biases stemming
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from the change of the detector status over time. Within the runs, all selected
particles from compatible events are mixed. Considering the model predictions
(section 5.5.2), the normalization region cannot extent lower than 300 MeV/c,
as a sizeable deviation from unity is expected there. Above 500 MeV/c, the
increasing trend clearly impacts the correlation function. Thus, the normaliza-
tion region ranges from 340 to 500 MeV/c. This region is varied by 40 MeV/c
in both directions for the systematic uncertainties as described in section 5.4.4.
The small number of data points in the normalization region limits the choice
of usable fit functions. A constant function (0-th order polynomial) is chosen to
fit the data in this region. This is based on the assumption that the minijet32

background vanishes towards low k∗, which was also observed in the case of the
p–Σ0 correlation function [22, 23]. Indeed, the data points can be described by
a constant within the statistical uncertainty in the given region. Moreover, the
correlation function converges to the one obtained with the alternative method
in the normalization region, giving further evidence that the choice of the nor-
malization is reasonable. The resulting correlation functions for both methods,
the standard and the alternative one, are shown in Fig. 5.28 and 5.29. One may
note that in both cases the statistical uncertainties of the uncorrelated samples
are small (yet not negligible) compared to the one in the same events. This
explains the striking similarity of the fluctuations in both correlation functions
that stem mostly from the same-event distribution in both cases.

5.4.2 Alternative method

The idea of event mixing is to describe the distribution stemming from the
phase space and the detector acceptance as accurately as possible, while at the
same time breaking the correlation of interest, such that the ratio of the cor-
related and uncorrelated sample exhibits only the correlation of interest [278].
However, the final-state interaction is not the only correlation present in a par-
ticle collision. Collective phenomena and hard parton interactions for instance
contribute to a non-uniform emission pattern of particles in an event [294, 295].
Such correlations are typically also broken in a mixed event and thus reflect
in a non unity-valued correlation function referred to as non-femtoscopic back-
ground [15]. While this is easily comprehensible, a quantitative theoretical de-

32See paragraph 5.4.2 on page 177.
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scription is missing. Event generators like PYTHIA [62, 95] show similar fea-
tures, but fail to describe the effect quantitatively [15]. It has been pointed
out that the simulated correlation function could be reweighed to describe
the data [188]. In baryon–anti-baryon systems, where the minijet background
is very pronounced, attempts have been made to model the background us-
ing PYTHIA by separating pairs stemming from common and unrelated par-
tons [296]. While a satisfactory description could be achieved, these approaches
are still model dependent and come with free parameters causing uncertainty.
Thus, an alternative method is desired, which is introduced in this section.
Often, the increase at large relative momenta is attributed to the conservation
of energy and momentum, which is obviously violated when a particle is artifi-
cially introduced to an event [15, 184]. Occasionally, also the term “minijet” (or
“mini-jet”) arises, which has - as jets in general - no clear definition. In this re-
gard, a minijet refers to particles stemming from the hadronization of a common
parton [297]. In an ultra-relativistic pp collision, the partons are resolved, i.e. it
is in fact a superposition of parton-parton collisions. Due to the conservation of
momentum, the colliding particles are thereby emitted in a back-to-back direc-
tion, leading to preferential directions. Therefore, the emission of particles in a
pp collision is not isotropic. In a mixed event, where particles are taken from
different events, preferential directions are not preserved. If the two particles
of interest originate from the same parton scattering, they might be emitted in
a similar direction or in the opposite. In the former case, they might have a
small or large relative momentum k∗, depending on their individual momenta,
while in the latter, they can only have a large relative momentum due to their
opposite direction of flight. This could explain the higher abundance of pairs
at large relative momenta.
The issue of the preservation of jet-axes in small systems was already pointed
out earlier [11] and multiple solutions were proposed, mostly based on the re-
versing or flipping of momentum components with respect to the jet-axes.
One may consider that the correlation signal from the final-state interaction
depends on the angle and the momenta of the particle pair, while for instance
the correlation from minijets is dominantly of angular nature, at least at first
order. This might be used to preserve the correlations which are not of interest
in the denominator sample (i.e. the now partially correlated sample) and thus
eliminate them from the correlation function.
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The relative momentum of any pair depends, apart from the particle masses,
only on 3 parameters, which are the absolute values of the particle momenta
|p1| and |p2| and the angle α they enclose. With these, one may write the
relative momentum of the pair in its rest frame k∗ as [173]

k∗ =

√
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√

√

√
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where m1 and m2 are the masses of the particles.
One may take for any particle pair in the same event the exact angle and con-
struct one or multiple mixed pair(s) from it by changing the particle momenta
only. The momenta are thereby taken from distributions filled from the same
events beforehand. Since the momentum spectra become harder with increasing
multiplicity, the momentum distributions are considered in several multiplicity
bins, similar to a standard event-mixing approach.
By construction, the angular distribution of the mixed pairs constructed in this
way exactly resembles the one in the same events. The same holds true for
the momentum distributions. Since in this method the angles are kept fixed, it
is referred to as fixed-angle mixing in the following. The resulting correlation
function is plotted in Fig. 5.28 and 5.29 together with the one using the stan-
dard event mixing. Obviously, the very pronounced increase at large relative
momenta is missing in the fixed-angle mixing technique, implying that it in fact
originates from a purely angular correlation which is now preserved. It remains,
however, to be checked that remnants of the final-state interaction are not also
preserved, which would wash out the femtoscopic signal and thus bias the result.
It should be noted that this procedure cannot be applied for identical particles
with peaked momentum distributions. If k∗ is small, so is the angle. If one does
now draw two momenta from the same distribution, most likely similar ones
will be drawn, in which case the mixed pair will again have a small k∗. This

178



Chapter 5. Measurement of the p–Σ+ correlation function

kind of autocorrelation can luckily not occur in the case of protons and Σ+, as
the reconstructed momentum distributions are very different.
In terms of uncertainty, the new background construction is also advantageous.
Since the number of mixed pairs per same-event pair is known, the normaliza-
tion of the correlation function is trivial. An uncertainty stemming from the
fitting of the non-femtoscopic region and the choice of the fit function does not
occur.
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Figure 5.28: Comparison of the correlation function of protons and Σ+ using the standard
(black markers) and the fixed-angle method (red markers) to construct the uncor-
related sample of particle pairs. With the fixed-angle method, no increase of the
correlation function at high k∗ is observed.
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Figure 5.29: Comparison of the correlation function of protons and Σ+ using the standard (black
markers) and the fixed-angle mixing (red markers) to construct the uncorrelated
sample of particle pairs. The normalization region for the standard method and its
variations are also shown. A very good agreement in and below the normalization
region is visible.

5.4.3 k∗ resolution

The k∗ resolution is related to the momentum resolution of the particles and
in case of the p–Σ+ correlation function it is dominated by the momentum
resolution of the Σ+. The k∗ resolution is evaluated by comparing the k∗ values
calculated from the reconstructed momenta to the ones calculated from the
true values obtained from the Monte Carlo simulation. Technically, the matrix
spanned by the true and the reconstructed k∗ values is sliced in bins of the
reconstructed k∗ with a bin width of 5 MeV/c. This is done in the mixed
events, as otherwise not enough statistics could be aggregated. There is no
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difference between same and mixed events in terms of resolution. The obtained
resolution as a function of k∗ is depicted in Fig. 5.30. A k∗ dependence is visible,
with the relative resolution ranging from roughly 10% at low k∗ to around 1%
at high k∗. In the femtoscopic region, the resolution is around 6 MeV/c, which
is not a limiting factor considering the bin width of the correlation function.
Interestingly, the k∗ resolution of a pair of tracks, for instance two protons, is
around 4 MeV/c [22], underlining that the momentum correction discussed in
section 5.1.2 is indeed capable of restoring the momentum resolution to a very
high degree.
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Figure 5.30: Resolution of k∗ as a function of k∗. In the femtoscopic region, a resolution of
around 6 MeV/c is reached.

5.4.4 Systematic uncertainties

Similar to section 4.3.4, the systematic uncertainties of the experimental corre-
lation function are calculated by making variations to the particle selection and
comparing the resulting correlation functions to the default one. In addition,
also the construction and fit of the uncorrelated sample is considered as a source
of uncertainty.
For the particle selection, the uncertainty does not arise from the selection itself,
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but from the treatment within the calculation of the λ parameters. Ideally, a
stricter selection leads to an enhancement of the signal, where the enhancement
equals the increase of the genuine λ parameter. Any excess or shortfall of the
enhancement compared to the change of the genuine λ parameter can then be
classified as systematic uncertainty. In the case of p–Σ+, the cut-offs of the
BDT scores of protons and Σ+ are each increased or decreased by 10%. Since
there is no linear dependence of the purity on the BDT scores, the effect of these
variations is evaluated by repeating the procedure explained in section 5.3 for
the different selections. Overall, genuine λ parameters between 75.5% and 82%
are found, where in any case the change of this value is mostly driven by changes
in the Σ+ purity as the largest source of contamination. Given the shallowness
of the interaction, the expected change of the femtoscopic signal amounts to no
more than around 0.01, which cannot be resolved within the limited statistics.
Nonetheless, the described variations are kept as a proxy for the uncertainty of
the genuine λ parameter.
As already discussed in section 5.4.1, the fit range is varied by one bin in both
directions to account for the uncertainty stemming from the choice of the fit
range. Changing the fit function or choosing an even wider fit range is not
fruitful for the reasons discussed in the aforementioned section. In addition to
the fit range, the alternative construction method for the uncorrelated sample
is considered as a variation. The variations of the fit are done for all variations
of the particle selections to account for possible correlations. It is assumed that
the distribution of the variations is uniform, and thus the total uncertainty of
the data points is evaluated by dividing the difference between the maximum
and the minimum value by

√
12. The individual contributions to the system-

atic uncertainty are shown in Fig. 5.31, where each contribution is evaluated by
keeping the others at the default and dividing the resulting deviation by

√
12

each.
Another major source of systematic uncertainty is the source size that is eval-
uated in section 5.5.1. While this does not affect the experimental correlation
function and is thus not included in the uncertainty of the data points, it is
crucial for the comparison with model calculations and gives rise to uncertainty
bands around the model curves. The average width of the bands is also shown
in Fig. 5.31 for comparison.
By construction, the choice of the fit range leads to a constant uncertainty due
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to the usage of a constant function. In contrast, the other contributions of the
systematic uncertainty vanish towards high k∗, which can be attributed to the
correlation function trending to unity. However, it also hints towards an in-
creasing statistical admixture of the evaluated systematic uncertainties at low
k∗ as discussed in section 4.3.4. The contribution of the different mixing meth-
ods is small, highlighting their good agreement, particularly in the first bins.
The contribution of the BDT selection is similar at high k∗ but increases further
towards low k∗. As discussed above, the uncertainty induced by the uncertainty
of the source size is only shown for comparison and does not affect the measured
correlation function. Nonetheless, it is apparent that this contribution is crucial
for the comparison between data and theory and contributes considerably to
the overall systematic uncertainty, even being the largest contribution in the
first measured k∗ bin.
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5.5 Theoretical correlation function

In the following, the obtained correlation function is compared to theory pre-
dictions to draw conclusions about the p–Σ+ interaction, particularly on the
less-known triplet channel. Beforehand, the source size must be constrained as
good as possible, making use of the extensive work invested in the study of the
particle emitting source in ALICE [182, 183].

5.5.1 Source size

The determination of the source size is based on the procedure that was devel-
oped within the ALICE collaboration [182, 183]. The source size was calculated
in collaboration with M. Korwieser [298], who provided the resonance source
distribution. The procedure is sketched in section 1.4.2.
Firstly, the mean mT is calculated. Therefore, the mT is calculated for all parti-
cle pairs using Eq. (1.8). As seen in the equation, mT depends on the pT of the
particles as well as on their masses. If no restriction on the relative momentum
is applied, mT can take any value above the mean mass of the pair particles.
This is because the pT is considered in vector form, which allows the particle
momenta to cancel. If one, in turn, limits the relative momentum of the par-
ticles to a small value, this implies that the particles move roughly collinearly.
The minimum pair pT is then limited by the onset of the measurement. Thus,
the onset of the mT distribution is shifted to a higher value in this case. On
the other hand, the phase space of high-pT particles is larger, resulting in a
lower probability to form pairs with low k∗. Thus, the distribution in mT is
also narrower for low-k∗ pairs. Consequently, the mean mT is a function of the
cut-off in k∗, and so is the source size. However, at low k∗, this dependence is
minimal and it is sufficient to restrict oneself to evaluating the mean mT in the
femtoscopic region (k∗ < 200 MeV/c) and treat the residual k∗ dependence as
an uncertainty. The normalized distributions of mT are displayed in Fig. 5.32 in
same and mixed events for various cut-off values in k∗: 100 MeV/c, 200 MeV/c,
and 300 MeV/c. In this region, the evaluated means are very stable among the
shown distributions and even at 500 MeV/c the mean mT remains within the
uncertainties given below. Also, the same- and mixed-event distributions are in
good agreement. Using the mixed-event distribution with k∗ < 200 MeV/c as
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50 MeV/c2 is used in the plot, while for the evaluation of the means the unbinned
distributions were used. The distributions are normalized to the number of entries
for comparability.

default, one finds a value of 〈mT〉 = (1.94±0.03) GeV/c2, where the uncertainty
gives the full difference of the default to the minimal and maximal values of
〈mT〉 of the distributions shown in Fig. 5.32.
The mean mT is comparably large, which is caused by the relatively large rest
mass of the Σ+ and by the high average pT of the Σ+, which is in turn related
to the pT dependence of the reconstruction efficiency.
From the mean mT, the core radius is evaluated using the parametrization seen
in Fig. 1.7. Fortunately, the mean mT is situated in a region where the mT

dependence is almost flat [183], such that the effects of the uncertainty of 〈mT〉
as well as the width of the mT distribution have minimal effect on rcore. Thus,
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the uncertainty of rcore is driven by the uncertainty of the parametrization. The
evaluated value amounts to rcore = (0.85 ± 0.05) fm.
The enlargement of the source size due to resonance decays is modelled using
the framework that was worked out in Ref. [182]. In a nutshell, the procedure
works as follows. One has to consider that several scenarios are possible for
the origin of the particle pair under study. For simplicity, only 4 are consid-
ered, which are that both particles are primordial, both stem from resonances,
as well as the two mixed cases. To evaluate the probabilities of the aforemen-
tioned scenarios, a list of resonances is produced from the thermal model toolkit
Thermal-FIST [280] using the latest PDG list [9] of currently known resonances.
The decay kinematics of the resonances are simulated based on the masses of
the resonances using an EPOS [63] simulation. Hereby it is assumed that all
resonances only decay in a two-body decay into a baryon and a pion. With
this basis, the total source distribution is obtained using a sampling procedure.
Firstly, a random core radius is drawn from a Gaussian distribution with the
width obtained from the 〈mT〉 parametrization. Then, one of the emission
scenarios is chosen using the probabilities obtained before. With the masses
and the lifetimes of the resonances at hand, the flight distances prior to their
decay can be sampled from an exponential function. The orientation of the
resonances is taken from the EPOS simulation. With this, the total source size
is calculated as the modulus of the vector sum of the core radius and the flight
distance of the resonances.
The uncertainty of the source size is evaluated by making variations to the
input parameters, namely the core radius, the fraction of the resonances, the
masses of the resonances, as well as their lifetimes. The core radius is varied
within the uncertainty of the parametrization, while the other parameters are
varied by 10% each. This value is chosen rather conservatively to anticipate
later changes of the PDG list and also to accommodate the uncertainties of
the resonance properties. In order to quote numbers, the obtained full source
is fitted with a Gaussian distribution in the region from 0.5 to 4.5 fm, which
results in an effective Gaussian parametrization of the source. This is done for
all variations and, assuming a uniform distribution, the deviation between the
smallest and largest source radius is taken and divided by

√
12. With this, a

radius of (0.98+0.03
−0.02) fm is found. The resonance contribution thus only amounts

to 0.13 fm, a comparably small value, which is related to the fact that the pri-
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mordial fraction of the Σ+ is more than 63% and thus almost twice as high as
the primordial fractions of protons or Λs [280].
Fig. 5.33 displays the full source, the Gaussian core, as well as the effective
Gaussian source. The effective parametrization describes the full source well
at small distances, but converges much faster towards 0. Due to the exponen-
tial decay of the resonances, the resonance source still has a finite contribution
even at very large values of r, where no interaction is expected. The effect of
this behavior is studied in the light of the theoretical calculations and will be
discussed in section 5.5.3.
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Figure 5.33: Gaussian source distribution (Eq. (1.16)) for the core radius obtained from the
mT scaling (green), full resonance source (blue), and the effective Gaussian
parametrization of the full resonance source (red). Resonance source provided
by M. Korwieser [298].
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5.5.2 Comparison with theoretical calculations

The model predictions for the scattering parameters are given in Tab. 1.2.
Clearly, one can see that the large effective ranges hinder the use of the Lednický-
Lyuboshits [190, 193] approach. In particular, the small source correction turns
negative in all but two models. Therefore, the full wave functions are used
to compute the theoretical correlation functions. Taking the Koonin-Pratt [11,
185] (Eq. (1.6)) and the wave function including Coulomb (Eq. (1.31)), the full
calculation reads

C(k∗) = 1 − λ(k∗) + λ(k∗)
∑

i=1,2

ji

∫

dr∗ S(r∗)

×




|ΨSC
i (k∗, r∗)|2 +

∞
∑

L=1

(2L+ 1)





FL(η, ρ)

ρ





2






(5.11)

where S(r∗) is either the effective Gaussian source (Eq. (1.16)) or the resonance
source described in section 5.5.1. The function λ(k∗) is the genuine λ parameter
that is introduced in the calculation to make it comparable to the data. It is
hereby assumed that the correlation functions of all non-genuine contributions
equals unity. The factors ji are the statistical weights, which amount to 1/4
for the singlet and 3/4 for the triplet [123]. The Coulomb wave functions FL

are adopted from the GSL [201] library. The sum over L is evaluated up to
L = 50. The strong wave functions in the presence of the Coulomb interac-
tion ΨSC(k∗, r∗) were provided by J. Haidenbauer [125]. As one of the authors
of the χEFT model NLO19 [122], he was not only able to provide the desired
wave functions, but could also make modifications to the model, which will be
discussed later. Moreover, he also had the source code of the NSC97f [111, 131]
and ESC16 [113] models available, allowing to calculate the wave functions from
these models in the same framework. While the constituent quark models were
not available, NLO(sim) [122] simulates the same behavior and provides very
similar scattering parameters as discussed in section 1.3.1. It is thus possible
to explore the full range of predictions, from the most repulsive to the attrac-
tive triplet interactions, without the need for crude approximations. The wave
functions are provided in a discrete form, i.e. binned in k∗ and r∗. In the lat-
ter, a 20 am binning was used in the range of 0 to 10 fm. In k∗, a variable
bin width was used with a finer binning towards low k∗ and a total of 51 bins
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in the interval between 1 and 469 MeV/c, corresponding to center-of-mass en-
ergies between 1 keV and 200 MeV. The resulting calculations are shown in
Fig. 5.34. The correlation function with the Coulomb interaction only is also
shown. Since the interaction is shallow, the model calculations are close to the
Coulomb-only expectation as well as to unity. Nonetheless, it is clearly visible
that the inclusion of the strong interaction allows to describe the shape of the
data much better.
The real and imaginary part of the used singlet and triplet wave functions ΨSC

are exemplarily shown for the SMS NLO (NLO19) calculation in Fig. 5.35.
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Figure 5.34: Correlation function of p–Σ+ with several model calculations using the full wave
functions and the effective Gaussian parametrization of the source. The green
curve depicts a version of the SMS NLO (NLO19) [121, 122, 125] calculation where
the triplet scattering length was tuned to approximately 0.3 fm. The uncertainty
bands arise from the uncertainty of the source size (see section 5.5.3).
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Figure 5.35: Real (left) and imaginary (right) part of the strong wave function ΨSC for the
singlet (upper) and the triplet (lower) channel of the p–Σ+ interaction in the
SMS NLO (NLO19) [121, 122] model calculation. Wave functions provided by J.
Haidenbauer [125].
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5.5.3 Source size dependence of the correlation function
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Figure 5.36: Correlation function of p–Σ+ with several model calculations using the full reso-
nance source (dashed) and the effective Gaussian parametrization (solid).

As already touched in section 5.4.4, the source size is a sizeable source of sys-
tematic uncertainty when comparing the data to model calculations. The un-
certainty gives rise to uncertainty bands in the model calculations, which are
shown in Fig. 5.34. Here, the Gaussian parametrization is used and the radius
is varied as described in section 5.5.1. While the uncertainty bands decrease
the significance a bit, still a reasonable comparison is possible. Nonetheless, it
underlines the importance of a solid source size determination for future mea-
surements. As elaborated in section 5.5.1, the full source extents to large radii
due to the resonance decays. While the effects of the interaction are negligible
at such distances, care must be taken with the proper normalization, particu-
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larly when the wave function is only available up to a certain distance, which
potentially causes undesired artefacts. This can be mitigated by the usage of a
Gaussian parametrization which converges more quickly. In order to verify that
the parametrization produces the same results as the full source, a comparison
is shown in Fig. 5.36. As visible, the differences are very small, in particular for
the NLO calculations they are negligible. In fact, the differences are well covered
by the uncertainty of the source size. As expected, the tails at large radii have
no sizeable effect on the correlation function as long as the small radii are well
described [182, 183]. This finding is practical, as a Gaussian parametrization
allows for the use of the Lednický-Lyuboshits approach in interactions where it
is applicable.

5.5.4 Decomposition of the correlation function

In order to understand the correlation function better, it is interesting to
look at its decomposition into the singlet and triplet contribution. This is
depicted in Fig. 5.37 for two versions of the SMS NLO [122] calculation and
for NSC97f [111, 131]. Here, the contributions are weighted by their statisti-
cal weights ji. Additionally, the Coulomb-only correlation function is added,
weighted by 1−ji. This representation makes it easy to see by eye where and to
which extend the respective contribution influences the total correlation func-
tion. In particular, one can see that the singlet and triplet contributions impact
the correlation function at different values of k∗. Looking first at the singlet
contribution, it is apparent that the shapes are very similar for the considered
models and that they only differ in the amplitude of the peak. Above 120 MeV/c
the difference becomes negligible. The singlet correlation function is peaked at
around 30 MeV/c. A data point in this region would allow to study the am-
plitude. Unfortunately, the statistics available for this thesis does not allow to
explore this region. Nonetheless, one can see that the singlet contribution alone
already captures the shape of the data quite well, while being systematically
above it. This implies the presence of a shallow repulsive triplet interaction,
contradicting the attractive triplet interaction predicted by NSC97f. In the re-
pulsive models, the triplet leads to a dip below unity around 100 MeV/c, where
the position and depth depend on the strength of the repulsion. With more
repulsion, the dip is shifted to lower values of k∗ and is deeper. This obser-
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vation is most interesting, as it allows to probe the strength of the less-known
triplet interaction at higher values of k∗ where the statistical uncertainties are
smaller. However, this underlines, why reliable calculations at high k∗ are es-
sential and the Lednický-Lyuboshits approach is not useful. In the data a dip
is found, again contradicting the attractive model. However, the dip is very
shallow and situated slightly above 150 MeV/c. This is in tension with the
models predicting a stronger repulsion, fss2 [115, 116] and Nagels73 [130]. This
finding is supported by the scattering data of KEK E40 [20], which also found
fss2 to be too repulsive to describe the differential cross sections and the phase
shifts. Since also SMS NLO (NLO19) is seemingly too repulsive, Haidenbauer
retuned the LECs of the NLO19 model to reduce the repulsion in the triplet,
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leaving the singlet untouched [125]. This is also plotted in Fig. 5.34 as well as
in Fig. 5.37 as the green line. As stated in the legend, the triplet scattering
length amounts to roughly 0.3 fm in this case. Apparently, this tune describes
the data better than all other models. Without also retuning the strength of
the singlet, the resulting cross sections would be lower. This is, however, not
necessarily in tension with existing data. To the contrary, KEK E40 found
lower cross sections than previous experiments as discussed in section 1.3.1.
However, one must be aware that the low-energy behavior is not strongly cor-
related with the one at higher energies anyway and that the chiral calculations
are themselves not too reliable at the energies reached in KEK E40. At lower
energies, at plab < 200 MeV/c, still only 4 data points exist and these are not
very constraining due to their large uncertainties [154, 155].
Concluding, the correlation function found in this thesis supports the assump-
tion of a very shallow repulsion in the triplet channel of the p–Σ+ interaction,
very similar to the one in the Jülich04 [110] model. Nevertheless, it contradicts
a strong repulsion as found in quark constituent models, just as it contradicts
a modest attraction found in the NSC97f model.

5.5.5 Generic potential fits

In addition to the previous model comparisons, the data is fitted with correla-
tion functions obtained from several potentials (see section 1.4.2). This work
was done in collaboration with Y. Kamiya [299], who provided the correlation
functions (Fig. 5.38) and their relationship to the scattering lengths (Fig. 5.40),
and with J. Haidenbauer [125], who provided advice.
In this analysis, a Gaussian and a Reid-like potential are used. The use of
a Gaussian potential is appealing due to the minimal number of parameters.
However, it is also purely phenomenological and its radial dependence is clearly
unphysical. The Reid potential, in turn, is physics-motivated and thus closer to
the natural truth, while having more free parameters to be tuned to data. It is
not obvious that both potentials yield equal or even similar results. Using both
potentials can therefore serve as a valuable cross check to answer the question
whether a simple phenomenological potential is indeed capable of capturing the
relevant dynamics of the system.
For the Gaussian potential, two different ranges are used. Firstly, as touched in
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section 1.4.2, the inverse pion mass is used. This amounts to a value of 1.46 fm.
While this assumption seems natural, a recent study of the pp interaction found
that this choice is not optimal [300]. In fact, since the radial dependence of a
Gaussian potential differs from a Yukawa-like one, a different range parameter
must be used in this case to reproduce roughly the shape in the relevant dis-
tance region. In the aforementioned study, a value of about 1.8 fm was found,
which is also used here.
The original version of the Reid potential was tuned to describe the N–N inter-
action. For the singlet, it is given by [209]

V (1S) = −10.463 e−x/x− 1650.6 e−4x/x+ 6484.2 e−7x/x (5.12)

where x = mcr/~ with m being the pion mass in this case (compare Eq. (1.33)
and (5.13)). The prefactors are given in MeV. The first term corresponds to the
long-range part described by the single pion exchange. The second term consti-
tutes the intermediate range described by the exchange of heavier pseudoscalar
mesons, while the third term is the short-range part described by the (heavy)
vector meson exchange [125, 209]. The Reid-like potential used in this analysis
to describe the N–Σ interaction is obtained by the modification of the prefactors
of these terms. Due to the different masses of the exchanged mesons, the three
terms are affected differently when going from the N–N to the N–Σ system,
which motivates a different treatment in the fitting procedure [125, 299].
In case of the pion exchange, the strength needs to be adjusted by the differ-
ence between the NNπ and the ΣΣπ coupling constants. In accordance with
the SU(3) flavor symmetry, the term is scaled by a factor of 0.8, twice the
SU(6) value of 0.4 [120, 125, 301]. The effects of the other pseudoscalar mesons
(η, η’, and K) are suppressed due to their larger masses and are effectively
absorbed by the phenomenological short-range part of the potential. For the
third term, one can assume that it is not very different in the N–Σ case due
to the large masses of the vector mesons. It is therefore kept constant. This
leaves the intermediate-range term to be modified by the introduction of a phe-
nomenological fitting parameter β, which incorporates the effects of the SU(3)
flavor symmetry breaking. This will be called version 1 (V1) in the follow-
ing. Additionally, the calculation is repeated by multiplying both the second
and the third term by a common parameter β, referred to as version 2 (V2).
In the latter, however, the different signs of the terms lead to a delicate in-
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terplay, which causes the scattering length to reach a characteristic maximum
that corresponds approximately to the pion exchange alone. This artefact will
be discussed later. Nonetheless, it is used as a cross check.
In the triplet, the original Reid parametrization is rather complex. It is given
in Eq. (30) in Ref. [209] for the 3S1–3D1 coupled state. It contains a central,
a tensor, and a spin-orbit term. For the S-wave triplet state alone, only the
central potential is relevant. For the N–N interaction, however, the coupling to
the D-wave is most important, as a sizeable part of the attraction that leads
to the deuteron bound state can be attributed to the tensor coupling [209]. On
the other hand, for the Reid-like parametrization of the N–Σ interaction only
the central part will be considered. It contains four terms, where the first one
again corresponds to the long-range pion exchange. As in the singlet, this term
is treated by multiplying it by 0.8, whereby in this case the isospin factor implies
an additional factor of -1/3 [125, 299]. The second term possibly corresponds
to the two-pion exchange, as used also in the Usmani potential [302]. It is
treated again by introducing the fitting parameter β. The other terms are not
considered. The used triplet potential is consequently given by [125, 209, 299]

V (3S) =
0.8

3
10.463 e−x/x− β 105.468 e−2x/x. (5.13)

Again, the potential is given in MeV. For all of the considered potentials, the
wave functions are obtained by solving the Schrödinger equation in the given
potential for a discrete set of values of the fitting parameter. From these, the
correlation functions are calculated, again using the Gaussian source with a
radius of 0.98 fm as determined in section 5.5.1. Finally, the relation between
the fitting parameter and the S-wave scattering length is evaluated. In the
following, the full fitting procedure will be examplarily shown for the Gaussian
potential with the range parameter of 1.8 fm. It is likewise employed for the
other potentials. The potential depth V0 of the Gaussian potentials and the pa-
rameter β of the Reid-like potentials are solely used as phenomenological fitting
parameters and otherwise meaningless. In practice, both fitting parameters are
treated equally. At the end of this section, a comparison of the results obtained
with the different potentials is shown and discussed.
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Figure 5.38: Correlation function of p–Σ+ calculated by solving the Schrödinger equation for a
Gaussian (1.8 fm) + Coulomb potential (see section 1.4.2) for various values of the
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with r0 = 0.98 fm is used.

Fig. 5.38 shows the correlation functions for selected potential depths. The
shown correlation functions are already weighted by the genuine λ parameter,
similar to Eq. (5.11).
In the case of the p–Σ+ system, two spin configurations matter, the singlet
and the triplet, and thus two values of the fitting parameter (V0 or β) need
to be determined. This is done by adding two correlation functions from the
array, weighted by the respective statistical weight. All combinations are then
compared to data.
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The comparison of the data with the model curves is done by calculating the
χ2, which is defined by

χ2 =
n
∑

i

(

Ci,data − Ci,model

σi

)2

(5.14)

where i is the index of the data points, Ci,data is the value of data point i, Ci,model

is the model value evaluated at data point i, and σi is the combined statistical
and systematic uncertainty of data point i. The number n is the amount of
data points considered.
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Figure 5.39: χ2 as a function of the singlet and triplet potential depths for the Gaussian (1.8 fm)
potential.

Only the first four data points are considered. This is because the model curves
fail to describe the data at higher k∗, possibly due to the large effective ranges
of the p–Σ+ interaction and the fact that only the S-wave is considered. The
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model curves converge at around k∗ = 180 MeV/c as visible in Fig. 5.38. Adding
up the χ2 values above this value would be pointless and only shift up the χ2

baseline. The Reid-like potentials describe the data generally better at larger
k∗, yet they also converge at a similar value. Therefore, also here only the first
four data points are used. The resulting values of χ2 are plotted in Fig. 5.39 as
a function of the singlet and triplet values of V0.
The well in χ2 is clearly visible33 and is analyzed further in the following. Ob-
viously, a correlation between the singlet and triplet potential depths is present
and results in ellipsoidal isohypses oriented along the diagonal. Consequently,
the evaluation of the triplet scattering length would profit from more stringent
constraints of the singlet scattering length.
Since the fitting parameters (V0 or β) are specific to the here used potentials,
they cannot be easily generalized. A more meaningful value is the (S-wave)
scattering length a0. The relation between the fitting parameter and a0 can be
made through the procedure outlined in section 1.4.2. The relation is shown
for the Gaussian potential in Fig. 5.40. Since the ranges of the used potentials
are fixed, only the scattering length is meaningful in this case.
The scattering length saturates for repulsive potentials and diverges for attrac-
tive ones. A similar finding is made both for the Gaussian and the Reid-like
potentials. Thus, a given uncertainty in the evaluation of V0 or β translates
into a smaller (larger) uncertainty in the scattering length if the interaction
is repulsive (attractive). On the other hand, attractive potentials lead to a
more pronounced signal as seen in Fig. 5.38, increasing the sensitivity for such
potentials. In case of the singlet of p–Σ+, however, this is washed out by the
small statistical weight, such that the overall sensitivity on the triplet scattering
length is higher.
The χ2 values in Fig. 5.39 have to be related to the p-values of the underlying
distribution in order to determine the uncertainty interval. This is done using
a bootstrapping procedure that was already used in a similar analysis for this
purpose [303]. To this end, the correlation function which fits the data best,
i.e. which has the lowest χ2, is considered as the true value. From this corre-
lation function, artificial data points are sampled. This is done by evaluating

33It has to be noted that the fact that only the sum of the singlet and the triplet can be fitted inevitably
leads to a secondary minimum with a moderately attractive triplet, counterbalanced by a strongly repulsive
singlet. This solution is believed to be an artefact and is not considered further in this analysis [299].

199



Chapter 5. Measurement of the p–Σ+ correlation function

25− 20− 15− 10− 5− 0 5 10 15 20
 (MeV)0V

5−

4−

3−

2−

1−

0

1 (
fm

)
0

a

-
Σ-p ⊕ 

+
Σp-

Gauss (1.8 fm)

Figure 5.40: S-wave scattering length a0 as a function of the potential depth V0 for the Gaussian
(1.8 fm) potential.

the model curve at the center of each of the real data points and modifying
these values with a random value drawn from a Gaussian distribution with a
standard deviation corresponding to the combined uncertainty of the respective
data point. A total of 105 correlation functions are generated this way. In prin-
ciple, a similar procedure could be done by sampling from the real data points,
however, one has to consider that any data point could be an outlier itself, in
which case one would not sample around the center of the underlying distribu-
tion. This aspect is mitigated by taking the central value from the fit. For each
of the resulting artificial data sets, the new minimum in χ2 is determined.
The normalized distribution of the minima is displayed in Fig. 5.41.
Combined with the χ2 distribution (Fig. 5.39), the distribution of the variations
allows to find the desired relation between ∆χ2 = χ2 −χ2

min and the p-value by
plotting the fraction of included variations as a function of the cut-off in ∆χ2.
This is displayed in Fig. 5.42.
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Figure 5.41: Distribution of fits from the bootstrapping procedure for the Gaussian (1.8 fm)
potentials.

For a normal distribution, the relation between the distance from the central
value in multiples of the standard deviation nσ and the p-value is given by [303]

p-value = erf
(

nσ√
2

)

(5.15)

where erf is the Gaussian error function. The resulting p-values for 1, 2, and 3σ
are indicated in Fig. 5.42 as dashed lines. The crossing of the data points with
these lines is evaluated using a spline interpolation that allows to translate the
χ2 distribution into multiples of the standard deviation.
With the former results, one can arrive at the exclusion plot, showing the
agreement with the data as a function of the singlet and triplet scattering
lengths in multiples of the standard deviation. It is displayed in Fig. 5.43 for
all considered potentials. The figure also contains the model predictions given
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Figure 5.42: p-values of the bootstrapping variations as a function of ∆χ2 for the Gaussian
(1.8 fm) potentials.

in Tab. 1.2. The source size uncertainty is considered by calculating the χ2

for each bin for both the lowest and the highest possible source radius and
using the lower value of χ2, which is the most conservative estimate of the
nσ contours. Apparently, the ellipsoidal contours differ among the models,
both in shape and in width. Most strikingly, the 3σ contour of V2 of the
Reid-like potential is seemingly cut-off. As discussed earlier, this is a direct
consequence of the interplay between the second and the third term in this
parametrization of the singlet, which does not allow for values of the scattering
length above around -0.9 fm. Despite the differences, a sizeable overlap of the
allowed regions is present, indicating that the results are in agreement. This
will again be discussed later.
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Figure 5.43: Exclusion plots showing the agreement with the data as a function of the singlet
and triplet scattering lengths in multiples of the standard deviation for the four
considered potentials: Reid-like V1 (upper left), Gauss 1.8 fm (upper right), Reid-
like V2 (lower left), Gauss 1.46 fm (lower right). Several model predictions (see
Tab. 1.2) are shown. One may note the specific characteristics of the used poten-
tials (see text), which lead to the cut-off artefact in the Reid-like (V2) potential
and the shift in the Gauss (1.46 fm) potential.

203



Chapter 5. Measurement of the p–Σ+ correlation function

3.8− 3.6− 3.4− 3.2− 3− 2.8− 2.6− 2.4− 2.2− 2− 1.8−
 (fm)sa

0.8

1

1.2

1.4

1.6

1.8

  
2

χ This thesis

 = 13 TeVspp, 

High multiplicity
-

Σ-p ⊕ +Σp-

Gauss (1.8 fm)

Data

min

2χ

)σ(12χ∆ + 
min

2χ

Uncertainty interval

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
 (fm)

t
a

0.8

1

1.2

1.4

1.6

1.8

  
2

χ This thesis

 = 13 TeVspp, 

High multiplicity
-

Σ-p ⊕ +Σp-

Gauss (1.8 fm)

Data

min

2χ

)σ(12χ∆ + 
min

2χ

Uncertainty interval

Figure 5.44: Projections of the χ2 distribution onto the singlet (left) and triplet (right) axis
for the Gaussian (1.8 fm) potentials. The lowest 10 data points are fitted with
a second order polynomial function (solid red line) to determine the position and
value of the minimum in χ2. The dashed blue lines indicate the minimum χ2 value
χ2

min
and the dashed red line χ2

min
+ ∆χ2(1σ). The uncertainty interval (dashed

green lines) is defined as the crossing of the data distribution and the dashed red
line.

To determine the uncertainties in the singlet and triplet channel separately,
projections of the χ2 distribution onto the singlet and triplet axes are made
at the global minimum. The projections are shown in Fig. 5.44 for the singlet
(left) and the triplet (right). The minimum of the projections is determined by
means of a quadratic fit (solid red line) of the lowest 10 data points. This is
necessary because of the finite binning of the fitting parameters. The resulting
minimum χ2 is indicated by the dashed blue line. The uncertainty interval is
evaluated as the crossing of the data distributions and the line at χ2

min+∆χ2(1σ)
(dashed red line). A linear spline is used to interpolate between the data points.
The resulting uncertainty intervals are indicated by the dashed green lines.
The results are summarized in Tab. 5.1 for the considered potentials. The
uncertainties given in the aforementioned table also include the uncertainty of
the source size, which is evaluated by repeating the former procedure for the
different source sizes and quadratically adding the resulting uncertainty to the
statistical and systematic one.
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Potential Reid-like (V1) Gauss (1.8 fm) Reid-like (V2) Gauss (1.46 fm)

as (fm) −2.94+0.82
−0.96 −2.67+0.85

−1.08 −2.86+0.79
−0.98 −2.31+0.63

−0.72

at (fm) 0.21+0.13
−0.13 0.26+0.19

−0.20 0.27+0.13
−0.13 0.31+0.15

−0.16

Table 5.1: S-wave scattering lengths including Coulomb effects of the singlet (as) and triplet (at)
channel of the p–Σ+ interaction evaluated using Gaussian and Reid-like potentials.

The correlation function with uncertainty bands superimposed over the data is
shown in Fig. 5.45 for the Gaussian (1.8 fm) potential. One may note that in
this plot the correlation between the singlet and triplet uncertainties has been
considered, i.e. only parameter sets within the 1σ contour of Fig. 5.43 are used.
The data is well described in the k∗ region used for the fitting procedure. At
higher values tension arises as discussed earlier.
The results of the fits with the used potentials are summarized in Tab. 5.1. The
results are in agreement with each other within the given uncertainties, both
for the singlet and the triplet and for all considered potentials. This finding
highlights that the p–Σ+ correlation function is not sensitive to the exact shape
of the potential, at least not within the current statistics. This result is not
surprising, considering the discussion in section 1.4.2. Despite the small source
size, the wave function is mostly probed at relatively large separations of more
than 2 fm. The similarity of the wave functions at these distances is essen-
tially guaranteed if the effective range expansion parameters are similar and
vice versa. This holds for even simpler models like a square well potential [125].
If, however, the phase shifts of the interaction are large or exhibit a sign change
as a function of the energy, a simple potential will break down and will not
be able to reproduce such details. For the N–Σ system, this is not the case,
allowing for the use of a rather simple approach.
Apparently, the singlet scattering length of the Gaussian potential with a range
parameter of 1.46 fm deviates noticeably. This might be related to the small
source size, which leads to a larger overlap with the wave function in a more
confined potential. This is in agreement with the finding in Ref. [300], where
also a larger signal with a decreasing range parameter was found. The stronger
signal is compensated by a smaller scattering length in the fit, explaining the
deviation. Similarly, the two Reid-like parametrizations have a slightly different
range dependence, influencing the shape of the correlation function at higher
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Figure 5.45: Best fit of the data (dashed blue line) and the uncertainty band for the Gaussian
(1.8 fm) potentials. The uncertainty band is the superposition of all parameter
sets within the 1σ contour. The values are reported in Tab. 5.1.

values of k∗. This, in turn, leads to a difference in the obtained triplet value.
For a more precise determination of the scattering parameters, one would need
to introduce more free parameters to the potential. In particular, one would
need to fit the range parameters as well. In this analysis, however, the small
number of data points and their large uncertainties do not allow this operation.
Thus, the differences between the considered potentials need to be considered
as a model uncertainty.
Nonetheless, a comparison with the theoretical predictions summarized in Tab.
1.2 is fruitful and reveals that the found values are clearly in the expected range.
Indeed, the singlet scattering length is well compatible with all but two mod-
els given in the table within less than 1σ. NSC97f [111, 131] and ESC16 [113]
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predict a rather large singlet scattering length of -4.35 or -4.3 fm, respectively,
which, however, is still compatible with the here shown results within less than
2σ.
In the triplet channel, a value of around 0.3 fm is found. This is consistent
with the finding from section 5.5.2, where the chiral calculation with a triplet
scattering length of roughly 0.3 fm also had the best agreement with the data.
Consequently, the same conclusion can be drawn here that most model calcula-
tions overestimate the repulsiveness of the p–Σ+ triplet interaction. Moreover,
the higher sensitivity in the triplet channel allows to disfavor an attractive
triplet interaction by almost 2σ and the triplet scattering length predicted by
NSC97f by more than 3σ. At the same time, a strong repulsion, as predicted
by fss2 [115, 116], is disfavored by also more than 3σ.
Concerning these model comparisons, one must recall the correlation between
the singlet and the triplet scattering lengths, which affects the overall compat-
ibility between the models and the data. This can best be seen in Fig. 5.43.
While a stronger repulsion in the triplet paired with a stronger attraction in
the singlet, as predicted for instance by NLO19 [122], is still compatible within
2 − 3σ, this is not so in the case of NSC97f and fss2. In fact, given attraction
in the triplet channel, the data requires a very shallow attraction in the sin-
glet, while NSC97f predicts quite the opposite. On the other hand, a stronger
repulsion in the triplet also implies more attraction in the singlet, whereas fss2
predicts the least attraction in this channel among the considered models. This
behavior might be related to the fact that the models are fitted to a certain set
of measured scattering cross sections and a stronger amplitude in the triplet
requires a shallower one in the singlet or vice versa to reproduce the given
experimental scattering cross sections. Thus, also here a correlation between
the channels is present. In fact, the model predictions roughly lie on one line
across the as − at plane. This line has the opposite slope than the correlation
implied by the fit of the correlation function, highlighting that the combination
of scattering and correlation data can give valuable additional insight. With
this consideration, both NSC97f and fss2 are disfavored with even higher con-
fidence. Among the considered models, the best agreement is found with the
Jülich04 [110] model, which is the only one that resides within the 1σ contour.
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Summary

The work presented in this thesis is about the first measurement of the Σ+ in
pp collisions at

√
s = 13 TeV at the LHC. This particle has gained only little

attention in the previous years, not because of a lack of interest, but because
it is particularly challenging to measure. In fact, a sizeable part of the thesis
revolves around the reconstruction strategies that were developed within this
scope.
The general principle of reconstruction involved the determination of the decay
vertex of the Σ+ from the proton track and the PCM photon using a Kalman
Filter [239] approach. Hereby, the weak nature of the Σ+ decay and the short
lifetime of the π0 were exploited.
Clearly, the low reconstruction efficiency of the photons proved to be the bot-
tleneck of the analysis, being particularly prohibitive for the application of
the femtoscopy [11] method. To overcome this issue, more and more informa-
tion about one of the photons was sacrificed, going from PCM through the
calorimeters to no reconstruction at all. By including the available topological
information and the constraints imposed by the intermediate decay, missing
information could be patched and the resolution was restored.
The existing simulations were found to be the bottleneck in terms of the statis-
tical uncertainty. Therefore, a generator cocktail was developed to produce a
new custom simulation. With this, it was possible to significantly increase the
statistics at a fraction of the computational cost of the previous simulation.
This made it possible to successfully measure of the first Σ+ pT spectra at the
LHC in minimum-bias and high-multiplicity pp collisions.
The comparison of the Σ+/Λ ratio was found to be independent of the multiplic-
ity well within uncertainties, implying an equal scaling of the yields of Σ and Λ
baryons. A particularly good agreement of the ratios with the γsCSM thermal
model [80] was found. The comparison with PYTHIA [62, 95] and EPOS [63, 96–
99] event generators found a qualitatively good description of the spectral shape
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of Σ+, while the yields are underestimated by a factor of roughly 2 in all con-
sidered models and tunes.

The successful measurement of the Σ+ production spectra was encouraging to go
further and also measure the interaction of Σ+ with protons via the femtoscopy
method. This required the development of a missing-mass reconstruction of the
Σ+, measuring only one of the decay photons. The overwhelming combinato-
rial background could be successfully tamed by the inclusion of state of the art
machine learning techniques [248, 250]. This method allowed to increase the
reconstruction efficiency by more than one order of magnitude at a more than
twofold improvement of the purity.
The machine learning selection was also employed for the selection of the pro-
tons, for which typically hard selections are used. It could be shown that the
ML selection particularly increases the primary fractions, while also increasing
the momentum reach.
The multivariate selection required the development of a novel data-driven ap-
proach to determine the λ parameters using effective spectra. This has gained
particular interest, as it reduces the dependence on MC simulations, is intrinsi-
cally multi-differential, and potentially reduces systematic uncertainties. With
more and more statistics being collected, the systematic uncertainty inevitably
outgrows the statistical one. Thus, the consideration of systematic effects will
need particular attention in future measurements.
Consequently, also a novel approach for the construction of the uncorrelated
background sample was developed, seeking to mitigate the known issue of mo-
mentum conservation in small systems. The technique named fixed-angle mix-
ing worked surprisingly well, being simple, fit- and model-independent, and
computationally cheap. While further investigation is needed to build trust in
the method and to understand potential limitations, it paves the way for the
significant improvement of already measured correlation functions, reducing the
systematic uncertainties significantly.
Using these developments it was possible to measure the p–Σ+ correlation func-
tion down to 35 MeV/c in k∗, achieving a k∗ resolution of 6 MeV/c, a genuine
fraction of 79%, and reasonable statistics. This is a success, which was not
believed to be possible within the first year of this work, considering the start-
ing point, the efficiency of the PCM-PCM method, and the large number of
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developments and improvements needed.
For the interpretation of the correlation function, the source size had to be
evaluated precisely for the p–Σ+ system. A source size of slightly less than
1 fm was found [182, 183]. The smallness of the source and the shallowness
of the interaction hindered the usage of the typically employed simplistic ap-
proach of Lednický and Lyuboshits [190, 193]. It was possible to perform the
necessary calculations using full wave functions. This allowed - despite the still
limited statistics - to draw a conclusive picture of the interaction between Σ+

and protons. The little known triplet interaction was found to be very shallow
and repulsive, as predicted by some meson exchange models [110], contradicting
both stronger repulsion [115, 116, 130] and attraction [111, 131] in this channel.
Additionally, a fit of the data using Gaussian and Reid-like potentials was pos-
sible. Not only did this underline the previous findings, but also represents first
direct experimental measurement of the p–Σ+ scattering parameters.
Going back to the initial motivation of the measurement of the p–Σ+ interaction
- the potential presence of Σ baryons in neutron stars - a comparison with p–Λ
is fruitful. One has to recall that the hyperon puzzle arose from the fact that
the Λ baryon is less than 19% heavier [9] as the neutron and that the N–Λ inter-
action is quite strongly attractive [15, 16]. This implies that at a certain density
it would become energetically favorable to substitute neutrons by Λs and this
is only overturned by repulsive three-body forces [18, 19]. Comparing the found
scattering parameters of p–Σ+ with the ones from p–Λ, a striking similarity in
the singlet scattering length is apparent. Even though the singlet N–Λ (I=1/2)
channel is not purely resident in the 27-plet, this is still clearly the dominant
contribution (

√
0.9) as seen in Tab. 1.1. On the contrary, the triplet channels

of the former interactions are completely unrelated and thus it is not surprising
that the scattering lengths are different. While the p–Λ triplet interaction is
found to be attractive, the one of p–Σ+ is apparently repulsive. Additionally,
the Σ baryons are considerably heavier than the Λ and consequently the neu-
tron. The data presented in this thesis has sizeable uncertainties and thus no
definite conclusion on this topic shall be made. Nonetheless, one may conclude
that the presence of Σ baryons inside neutron stars is even less likely than the
presence of Λ baryons and hence no “Σ hyperon puzzle” arises.
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Within this thesis, the production spectra of Σ+ baryons in high-energy pp
collisions at

√
s = 13 TeV and the p–Σ+ correlation function were measured

for the first time; and like all first measurements, those are the best there
are - currently. As technology advances, future experiments will provide more
precise data. Already now, ALICE is taking unprecedented statistics in the
ongoing Run 3 of the LHC, which will only be surpassed by later runs. Thus,
one has to state, as a matter of fact, that every result will be outdated sooner
or later. Nonetheless, these results are based on the tremendous work of their
predecessors. So, it remains to be hoped that the methods and the thoughts
introduced in this thesis are useful for the young scientists to come.
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