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Abstract

The strong interaction among the different hadrons at relatively small momentum
transfers is difficult to describe via direct solutions of Quantum Chromodynamics, due
to the running of the coupling constant. Only very recently, attempts of first principle
calculations based on lattice simulations have been made and these have yet to be tested.
Typically, the description of the interaction among hadrons relies on phenomenological
models and effective theories, where several free parameters have to be constrained
from experimental observations. Since numerous measurements are available in the
nucleonic sector, a sound understanding of N-N interactions is well established. In
the strangeness sector however, the experimental knowledge is rather limited and the
constraints to pin down precisely the interaction involving hyperons are missing. The
lack of experimental data also hinders the validation of novel approaches to describe
the baryon interaction based on lattice QCD, which currently provide applicable results
for baryon pairs, including at least two or more strange quarks. Furthermore, the
poor constraints available for descriptions of interactions involving hyperons, limit
the understanding of their appearance and behavior in cold nuclear matter at extreme
densities, which thereby hampers a solid modeling of the inner parts of neutron stars.

Femtoscopy is based on a study of the two-particle correlation function, where final-state
effects among specific particle pairs induce a signal that is characterized by the space-
time extend of the particle emission source. Recent studies demonstrate that the strong
interaction can be studied from this observable if the characteristics of the emission
region are sufficiently constrained. This work extends this approach to investigate the
strong interaction of p—E~ pairs. In the first part of this analysis, the p—p, p—p, p-A and
p-A correlation functions are measured in elementary p—Pb and pp collisions at the LHC
with the ALICE detector. In a detailed study the source radius is measured as a function
of the pair transverse mass mt considering, for the first time in a quantitative way, the
effect of strong resonance decays. After correcting for this effect, the radii extracted
for pairs of different particle species agree. This indicates that protons, antiprotons,
As and As, as well as - and & originate from the same source. In the second part,
these results are applied to constrain the source size of p—Z~ pairs. The two-particle
correlation function of p—-Z~ and E—EJF pairs is measured with ALICE in both collision
systems. The comparison of the measurement with the prediction, assuming only an
attractive Coulomb interaction, is not compatible with the data. The enhancement above
the Coulomb prediction indicates the presence of an additional component due to the
attractive strong interaction among a proton and a &~ baryon, which is observed in
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Abstract

this way for the first time. Furthermore, the comparison of the data to predictions of
this strong interaction from lattice QCD calculations by the HAL QCD collaboration
exhibits a qualitative agreement. This serves as a first direct test of these first principle
calculations, which supports the description of the N-E~ interaction in this approach.
The lattice potentials are therefore useful to investigate the role of the Z~ in the context
of neutron stars. Consequently, its interaction within a neutron rich environment is
expected to be more repulsive than typically assumed, which suggests a stiffening of
the Equation of State of neutron star matter at large densities.
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Kurzfassung

Die starke Wechselwirkung zwischen verschiedenen Hadronen bei niedrigen Impuls-
iibertrdagen direkt mittels der Quantenchromodynamik zu beschreiben ist schwierig, da
die Kopplungskonstante relativ grofse Werte annimmt. Erst seit kurzem gibt es Versuche
von Grundlagenberechnungen basierend auf Gitter-Simulationen, welche allerdings
noch verifiziert werden miissen. Typischerweise wird die Wechselwirkung zwischen
Hadronen durch phdnomenologische Modelle und effektive Theorien beschrieben, wobei
mehrere freie Parameter durch experimentelle Beobachtungen eingegrenzt werden miis-
sen. Da zahlreiche Messungen im nukleonischen Sektor zur Verfligung stehen, besteht
ein fundiertes Verstindnis der N-N Wechselwirkung. Im Sektor seltsamer Teilchen ist
das experimentelle Wissen jedoch eher begrenzt, und es fehlen die Randbedingungen,
um die Wechselwirkungen, an denen sich Hyperonen beteiligen, prazise zu beschreiben.
Das Fehlen von experimentellen Daten verhindert aufserdem einen Test neuer Ansatze
die Wechselwirkung von Baryonen basierend auf Gitter-Berechnungen direkt zu be-
schreiben, die gegenwirtig anwendbare Ergebnisse fiir Baryonen-Paare mit mindestens
zwei seltsamen Quarks liefern. Die spérliche Beschreibung der Wechselwirkung, an
der Hyperonen beteiligt sind, macht es nur eingeschrankt moglich ihr Erscheinen und
Verhalten in kalter Kernmaterie bei extremen Dichten zu verstehen und verhindert
dadurch eine solide Beschreibung der inneren Region von Neutronensternen.

Femtoskopie basiert auf der Untersuchung der Zwei-Teilchen-Korrelationsfunktion, wo
aufgrund der Wechselwirkung von Teilchen im Endzustand ein Signal erzeugt wird,
welches durch die raum-zeitliche Ausdehnung der Emissionsquelle zum Zeitpunkt der
Teilchenproduktion gekennzeichnet ist. Neuere Studien zeigen, dass es moglich ist die
starke Wechselwirkung mittels dieses Signals zu untersuchen, falls die Ausdehnung
der Emissionsregion ausreichend bekannt ist. In dieser Arbeit wird dies angewendet,
um die starke Wechselwirkung von p—Z~-Paaren zu untersuchen. Im ersten Teil dieser
Analyse werden die p—p-, p—p-, p—A- und ﬁ—X—Korrelationsfunktionen in elementa-
ren pp- und p-Pb-Kollisionen am LHC mit dem ALICE-Detektor gemessen. In einer
detaillierten Studie wird der Radius der Quelle als Funktion der transversalen Masse
des Paares gemessen, wobei zum ersten Mal auf quantitative Weise der Effekt starker
Resonanzzerfille beriicksichtigt wird. Nach Korrektur dieser Modifikationen stimmen
die extrahierten Radien fiir Paare unterschiedlicher Teilchensorten tiberein. Dies deutet
darauf hin, dass Protonen, Antiprotonen, A, und A, aber auch &~ und Z' aus der
gleichen Quelle stammen. Im zweiten Teil werden diese Ergebnisse angewandt, um die
Quellengrofse von p—E~-Paaren abzuschétzen. Die Zwei-Teilchen-Korrelationsfunktion




Kurzfassung

von p—=~- und f)—EJr -Paaren wird mittels des ALICE-Detektors in beiden Kollisionssys-
temen gemessen. Der Vergleich der Messung mit der Vorhersage, fiir die ausschliefSlich
eine attraktive Coulomb-Wechselwirkung angenommen wird, zeigt das Vorhandensein
einer zusitzlichen Komponente auf. Daher kann zum ersten Mal die attraktive starke
Wechselwirkung zwischen einem Proton und einem Z~-Baryon beobachtet werden.
Dariiber hinaus werden die Daten durch Vorhersagen der starken Wechselwirkung
mittels Gitter-Berechnungen der HAL QCD-Kollaboration qualitativ beschrieben. Dies
dient als erster direkter Test dieser Grundlagenberechnungen und unterstiitzt die Giiltig-
keit der Beschreibung der N-=~-Wechselwirkung auf diese Weise. Die Gitterpotentiale
sind daher niitzlich, um die Rolle des &~ im Zusammenhang mit Neutronensternen
zu untersuchen. Folglich wird erwartet, dass in einem neutronenreichen Umfeld die
Wechselwirkung des Z~ abstofiender ist als typischerweise angenommen, was letztend-
lich auf eine Versteifung der Zustandsgleichung der Materie von Neutronensternen bei
hoheren Dichten hindeutet.
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1. Introduction

The fundamental Lagrangian that describes the physics of the Standard Model at high
energies is gauge invariant under SU(3) x SU(2)y x U(1)y transformations and is
derived within the context of Quantum Field Theory. Coupling terms, which connect
fields of matter particles (fermions) with those of exchange particles (bosons), represent
interactions in the standard model [1]. The SU(3) component leads to Quantum
Chromodynamics (QCD), where the exchange of massless gluons mediates the strong
interaction. The SU(2); x U(1)y component constitutes the electroweak interaction,
which at lower energies separates into the electromagnetic and weak interactions. The
former constitutes the U(1) component of the symmetry group and is mediated by the
exchange of massless photons, as it is described by Quantum Electrodynamics (QED).
For the weak force, however, the gauge symmetry is lost since it requires the exchange
of massive W* and Z° bosons.

1.1. Quantum Chromodynamics (QCD)

The Lagrangian of QCD can be written as [2]

- 1
L :leqa (v}lDﬂbH+mq) Ygb — ZLFAWF;ﬁ// (1.1)
q

where 7/ are the Dirac matrices and ¢, , are the spinors of the quark fields in each flavor
g, up (u), down (d), charm (c), strange (s), top (t) and bottom (b), as well as their mass
my and color a = 1,2,3(r,g,b). Furthermore,

Dabyy = idyu6a — %SA“CbAg (12)
is the Gauge invariant derivative. The first term represents the propagation of free
quarks and the second term the coupling to the gluon fields AG, where the index C runs
over 1,2,...,8 and the A denote the eight generators of SU(3). Correspondingly, there
also exist eight configurations of the gluon fields carrying different combinations of
color and anti-color. This term is governed by the strong coupling constant gs = \/47as
and rotates the color of the quark field spinor upon interaction with the gluon field.
Additionally, the A’S themselves are propagated by the last term in Eq. 1.1, which is
defined as

Ff, = 0, AL — 0, AL — gs fAPC AT AT (1.3)
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Figure 1.1.: Running of the coupling constant as as a function of the energy transfer Q
compared to different measurements, from [2].

Here, f ABC ig the structure constant of S U(3), and the indices A, B and C run over all
eight color configurations of the gluon field. The last term of this equation corresponds
to a coupling of the gluon field with itself. As a result, for the strong force there exist not
only interaction vertices among quarks and gluons but also among gluons themselves.
The only free parameters in QCD are the quark masses as well as the coupling constant
that defines the strength of the interaction.

Contrary to the coupling constant of QED, the one of QCD is said to be running, since
it exhibits a strong dependence on the momentum transfer upon interaction Q, as
it is depicted from several measurements in Fig. 1.1. The equations of QCD can be
solved based on perturbation theory if a5 < 1 and upon renormalization of QCD
Lagrangian it is evident that with increasing Q the interaction strength ag decreases.
Since Q is inversely proportional to the distance, the behavior of as at large Q suggests
an anti-screening of color charges at small interaction distances and a weakening of
the strong force to a point where quarks are quasi-free particles. This gives rise to a
phenomenon known as asymptotic freedom [1]. At the same time the behavior of the
coupling constant, prohibits to employ perturbative approaches as Q decreases. The
strength of the strong interaction grows as the separation among the quarks and gluons
increases. This suggests that isolating a single quark requires an infinite amount of
energy and that it is instead energetically favorable to create a new quark anti-quark
pair [3]. This means that quarks and gluons are supposed to be bound to color neutral
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objects. This and the fact that quarks and gluons were experimentally never individually
observed gives ground to the confinement hypothesis that color-charged particles cannot
be isolated and clump together in color-neutral bound states, so-called hadrons [3].

The current masses of the lightest quarks, as they are generated by the Higgs mech-
anism [4-6], are (2.16703,) MeV for the u quark, (4.671“8:‘11?) MeV for the d quark and
(93fé1) MeV for the s quark [2]. As the building blocks of hadrons they themselves
contribute only very little to the total mass, for example that of a proton with 938 MeV.
In general, the Lagrangian of Eq. 1.1 can be written by Weyl spinors [1] in terms of
left- and right-handed chirality. In the chiral limit with massless quarks of three flavors
the Lagrangian is symmetric under rotations of SUp(3) ® SUg(3). This implies that
hadrons should exist in degenerate parity doublets, which is not observed in nature.
Therefore the symmetry has to be spontaneously broken [7], which means that it is
realized by the Lagrangian, but not the QCD ground state or vacuum. The latter
is characterized as a quark anti-quark condensate with a non-vanishing expectation
value (q7) = (4, qr +rqL) ~ —(250MeV)? [8], which connects left- and right-handed
quarks [9]. The quarks propagate through this condensate and are therefore dressed
by their interactions, which leads to the generation of a larger mass. For quarks with
finite mass, the term enclosing m, in Eq. 1.1 also breaks this symmetry explicitly. But
due to the small masses of quarks, this effect can be treated systematically in terms
of perturbation theory [9]. Consequently, there exists an approximate SU(3) flavor
symmetry between u, d and s quarks, which motivates i.a. the arrangement of spin 1/2
(3/2) baryons in octet (decuplet) states according to their Isospin I3 and Strangeness S,
as depicted for the baryon octet in Fig. 1.2. A baryon with at least one s quark has the
quantum number |S| > 0 and is considered a hyperon, denoted as Y. The mass splitting
of the isospin states can be interpreted for the most part by the fact that flavor symmetry
is only approximate. The large mass difference of the s quark to the u or d quark then
leads to a larger degeneracy between states with different S than between those with
different I5.

n (udd) p (uud)

S=0

S=-1 = (dds) ® /2\0 (uds) >+ (uus)

= (dss) =0 (uss)

s =-1 lg=-% ls=0 lg="2 ls=1

Figure 1.2.: Baryon octet for J” = 1/2% from [10].
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1.2. Interactions among Hyperons and Nucleons

The strong force mediates not only the interaction among quarks, but also among
hadrons. In nature it is responsible for the formation of nuclei composed of protons and
neutrons, where the lightest being the deuteron, a bound state of one proton and one
neutron. For pairs of octet baryon, 36 flavor states exist, but if SU(3) flavor symmetry is
fully realized, only six irreducible representations remain [11, 12]':

808=27®8d1010H10® 8,. (1.4)

The first three terms correspond to the L + S symmetric configurations, the last three
terms to the L + S anti-symmetric configurations. Different elements contribute depend-
ing on the pair of octet baryons and their state to define their interaction. For example,
the deuteron is described solely by the 10 element [11], while the N-N interaction
receives contribution from 27 and 10 [14].

1.2.1. Theoretical Frameworks

The Lagrangian of QCD is the starting point to derive any description of the interactions
among hadrons. Nuclear physics takes place in the regime of low Q, where ag is too
large to apply perturbative approaches. Instead the description of the interaction among
hadrons relies on effective approaches via phenomenological models and effective field
theories or on numerical approaches via lattice QCD.

In a picture, where the substructure of baryons is ignored, the interaction at larger
distances can not be mediated by a single gluon due to confinement. In 1935 Yukawa
proposed to describe interaction among elementary particles, meaning protons and
neutrons, by the exchange of a boson with a mass approximately 200 times that of the
electron mass. Later, the particle was discovered to be the pion, the lightest known
color neutral object. Phenomenological models typically split the interaction into three
regions [15]: the long range region (r 2 2fm) mediated by a one pion exchange, the
intermediate region (1fm < r < 2fm) mediated by exchanges of multiple pions or
mesons with larger masses as the ¢ or w, and the short range region (r < 1fm) with a
repulsive core.

A power counting scheme to describe the interaction in a more systematic, perturbative
manner is developed in chiral effective field theory (x EFT) [7, 9]. The Lagrangian
of this theory is defined such that it is consistent with the symmetries of low-energy
QCD [7]. The short-range dynamics, which are impossible to observe at low energies, are
replaced by effective degrees of freedom described by Goldstone bosons and nucleons
or Hyperons [7]. Pions, but also kaons and 77 mesons, are Goldstone bosons, which
appear due to spontaneous breaking of chiral symmetry. They become massive, since

LA comprehensible overview over the individual states can be found in the appendix of [13]
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the symmetry is also explicitly broken, but are noticeably lighter than any of the
other hadrons with similar quark content, e.g. the p meson. In the limit m; — 0,
these Goldstone bosons are massless and non-interacting. Correspondingly, a chiral
Lagrangian is ordered in a power counting scheme of pion masses and corresponding
derivatives via the order parameter Q/A,, where Q ~ m, and A, ~ m,, the chiral
symmetry breaking scale, and is then expanded in terms of a small pion masses or
momentum transfers [7]. In turn, the interaction between hadrons can be described up to
a certain precision also called order and visualized by Feynman diagrams. The unknown
details of the interaction at each vertex are encapsulated in low-energy constants, which
have to be constrained with experimental input.

Lattice QCD is an alternative approach to calculations within QCD and is based on
the evaluation of path integrals by using Monte Carlo sampling methods. Observables,
e.g. hadron masses, are calculated by solving the equations of motion obtained from
the QCD Lagrangian by propagating quarks and gluons on a discretized space-time
lattice with a spacing a and size L. Divergences within QCD and the renormalization
of the Lagrangian are easy to handle due to the cut offs defined by the finite size and
width of the lattice. The interpolation to a — 0 produces predictions at the so-called
physical point. If L is large enough to accommodate two hadrons, also their interaction
can be observed. At the same time, however, a has to be small enough to provide
the means for a stable interpolation towards the physical point. An observable could
be estimated with infinite precision if all possible path integrals were computed in a
simulation. Since this is impossible, the observable has an uncertainty that decreases
the more path integrals are sampled or the smaller the total number of path integrals
is. The latter is influenced by the distance a particle can propagate, which is inversely
proportional to its mass [16]. While these calculations are only feasible on large scale
computers, it is often still necessary to work with increased quark masses in order to
obtain observables with reasonable uncertainties. Even though this circumstance leads
to an inaccurate estimate, e.g. pion masses of m, > 400 MeV at the physical point [13,
15], it is possible to demonstrate key features of nuclear potentials, such as the existence
of a repulsive core [15]. At the same time, however, these results fail to reproduce the
properties of the deuteron [17]. Only very recently, the HAL QCD collaboration [18]
succeeded to produce results close to the physical pion masses (m,; = 146 MeV). As
sketched in Fig. 1.3, predictions with reasonable uncertainties are available, however,
only for pairs with |S| > 2, since they contain an increasing number of s quarks, which
are heavier than u and d quarks.

1.2.2. Experimental Measurements

Both, effective theories and lattice calculations, need experimental constraints, either to
fit the low-energy constants or to validate predictions. The availability of experimental
data for different baryon pairs as a function of strangeness is schematically indicated
as the height of light blue bar in Fig. 1.3. The nucleonic sector is well constrained by
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>
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Better S/N of LQCD

Experimental data

Figure 1.3.: Comparison of the prediction strength of lattice QCD for different baryon-
baryon pairs versus the available data. Reproduced from [19].

numerous experimental observations. An example is the fact that more than 4000 data
points [20] are available solely for low momentum N-N scattering experiments.

Already in the strangeness |S| = 1 sector experimental measurements are complicated by
the fact that hyperons are unstable and as a result low momentum N-Y and Y-Y reactions
are difficult or even impossible to perform. Some attempts were made to produce low
momentum A and X baryons and to observe them in hydrogen bubble chambers [21,
22]. Due to the difficulty to produce and to detect such events, the measured N-X and
N-A elastic and inelastic cross sections are associated with large uncertainties and cover
only a very limited kinematic range (lab momenta py,, > 100 MeV /c). Recent studies
based on measurements of the p—A [23, 24] and p-X° [25] correlation function promise
to improve on the uncertainties and to examine the interaction at lower momenta in the
future.

Studies of hypernuclei, which are bound states of hyperons that are absorbed within
different nuclei, are experimentally easier to realize. In these measurements the kine-
matic analysis of the decay products yields the binding energy of a hyperon inside a
specific nucleus. The interaction of the hyperon inside the hypernucleus usually involves
multiple neighboring nucleons and several quantum numbers. In practice, however,
the details of the many-body problem are absorbed by models within an effective av-
erage interaction of the hyperon with the whole nucleus, which is characterized by a
so-called single-particle potential. Due to the substantial amount of measurements of A
hypernuclei and their binding energies [26], a smaller version of the nuclear chart can
be drawn and a depth of the single-particle potential at the nuclear saturation density
po ~ 0.17fm™3 of Uy ~ —30MeV is well established [27]. Experimental observations
of the in-medium behavior of the X are however limited to a single finding of a hy-
pernucleus [28, 29], and a few measurements of the excitation spectrum from (7~ ,K")
reactions on different targets [30, 31]. Even though analysis of these measurements
point towards a repulsive single-particle potential of the X at pg, there is significant
uncertainty due to the model dependence of these results.

For increasing strangeness the experimental data becomes rather scarce. Since several
decades, particular experimental interest in the |S| = 2 sector is triggered by the search
for a stable bound state of six quarks, the H-dibaryon. Its signature is expected to appear
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in the coupled system AA-NE-X3 [32], but so far attempts to locate any structure in
the invariant mass spectrum of A-A pairs failed [33-35]. The |S| = 2 sector is explored
experimentally with (K~ ,K") reactions induced by a K~ beam with energies between
1GeV/c to 2GeV/c on a nuclear target. Typically, a quasi-free E~ is produced if the
momentum of the outgoing K™ is larger than 1GeV/c [36]. A direct investigation of
the A-A interaction, however, is not possible in this way and no scattering data of this
pair exist. Instead, their interaction is directly studied via correlation measurements. In
Au-Au collisions at a center-of-mass energy of /sy = 200 GeV the STAR collaboration
reported a repulsive interaction [37]. A repeated analysis of the same data [38] with
a more careful treatment of background contributions, as well as a measurement by
the ALICE collaboration in elementary proton-proton (pp) and proton-lead (p—Pb)
collisions [39] point towards a weakly attractive interaction. The latter measurement,
also delivered the most stringent experimental limit on the maximum binding energy of
a hypothetical AA bound state of 3.2} (stat.) 13 (syst.)MeV.

The (K~ K") reaction is useful nevertheless to produce double A hypernuclei via the
absorption of the &~ and in order to study the A-A interaction at pg. The so-called
Nagara Event [40] is an unambiguously identified nucleus containing two A baryons.
Its analysis results in an interaction energy of AByp = 0.67 £ 0.17MeV and also points
towards a weakly attractive A—A interaction [41].

A few scattering events of &~ hyperons are detected by observing their trajectories
either directly in bubble chamber experiments [42-45], by emulsion experiments [46], in
scintillating fiber (SCIFI) active targets [47, 48] or indirectly by reconstructing them in
other setups [49]. Two examples for &~ scattering events, one in a bubble chamber and
one in the SCIFI target, are shown in Fig. 1.4. The lifetime of the &~ is cT = 4.9 cm and is
long enough to directly observe its trajectory, but since it decays into a A and a 77—, the
neutral A itself is invisible in these experiments. In p—Z~ reactions, also the proton itself
can be observed. (In-)elastic scattering cross sections are calculated from these events
and an overview is presented in Table 1.1. It is clear, that the low cross section of the
initial (K™, K") reaction and the complicated detection of & scattering events, severely
limits the available data, in particular, in the low momentum region (p < 1GeV/c).

Additional information of the NZE interaction is inferred from measurements of the
invariant and missing mass distributions in hypernuclear production experiments that
are induced by (K~,K™) reactions on d, C and Cu targets [50-52]. The smooth behavior
of these distributions around the NEZ~ threshold is interpreted as an indication for
small scattering lengths of the p—E~ and n—-E~ interaction [53]. As shown in in Fig. 1.5,
bound states of the &~ are investigated by measuring the excitation energy spectrum
in 12C(K~,K™) reactions via the outgoing K* [54]. The missing mass resolution of
the measurement is insufficient to resolve individual hypernuclear states. Instead,
the production cross section of 12 Be is calculated with the distorted wave impulse
approximation, where scattering off a single nucleon within C produces a quasi-free
&7, which then interacts with the spectator nucleons. The latter is described by a mean
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Kt A

Tp—>Ip (XZ)

Tp—>=Ip (YZ)

Figure 1.4.: Examples for the (K~,K™) reaction and subsequent elastic scattering of the
&~ as observed by a bubble chamber [42](left) and in a SCIFI target [48](right).

Ref. | p (GeV/c) Channel o (mb) Comment
[48] 0.2-0.8 E 7 Pelastic <24 scattering on free p

ETp—~ AN <12 scattering on free p

Ep— AA 43753 quasi-free in 12C
[46] 0.4-0.6 E Pinel. 12.71%:2 emission prob. in nuclear emulsion
[47] | ~06  Epi.. 15 abs. prob. in 12C

13 abs. prob. in nuclear emulsion

[49] 0.55 E Nelsic  30.7£6.7753  o(E7p)/o(E"n) = 1.1757 104
[43] 1-4 E 7 Pelastic 13+6

EOpelastic 19+10
[44] 2 E‘Opelastic 8

=0 . 1+2

pr el. +inel. 6 0 On 2H in bubble chambers
[42] 2.9 = Pelastic 23

E“7ptotal > 25
[45] | 1512  E%,.4 2144

E‘Optot., inel ~ 25 )

Table 1.1.: Overview of measurements of NE~ elastic and inelastic cross sections. [42—
45] are observations in bubble chambers, [46] in emulsion experiments, [47, 48] in
scintillating fiber (SCIFI) active targets and [49] from direct reconstruction and analysis

of the &~ after scattering on ?Be.
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Figure 1.5.: Excitation energy spectrum from [54] measured in >?C(K~,K") for different
ranges of the acceptance of the spectrometer: (left) full acceptance 6+ < 14°, (right)
limited acceptance 0+ < 8°. The curves represent model calculations for the quasi-free
production of Z~, and for the production of }* Be for different potential depths of the
Wood-Saxon E~ potential.

field, which is computed by describing the N-E~ interaction by Wood-Saxon potentials
with different depth parameters. The data discard the result for the solely quasi-free
production of =~ and seem to favor an interaction described by a Wood-Saxon potential
with a depth of Uz- = —14MeV. This result, however, is rather model dependent, as
calculations of the same cross section within the context of the semi-classical distorted
wave method [55] seem to favor a potential Uz- ~ 0 MeV.

The so-called Kiso event [56], is the first 2~ hypernucleus that is directly observed and
unambiguously identified in an emulsion experiment, as shown in Fig.1.6. The reaction
is induced by a - which is produced in a (K~,K") reaction. It is absorbed by the

10 pm

Figure 1.6.: (left) Decay of a &~ hypernucleus, the Kiso Event [56], observed in emulsion.
(right) Schematic drawing of the event.
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nucleus of a N atom, which decays as 2~ +!* N =10 Be +3 He. The binding energy of
the =~ within the nucleus is then estimated to be Bz- = 4.38 £+ 0.25MeV, in case the
9Be is produced in its ground state or Bz~ = 1.11 + 0.25MeV in case it is produced in
an excited state. In a second &~ hypernucleus event, the so-called Ibuki event [57, 58],
the binding energy is estimated in a preliminary analysis as Bz~ = 1.27 + 0.21MeV.

1.2.3. Theoretical descriptions of the Interaction among Hyperons and
Nucleons

Due to the large amount of experimental data in the nucleonic sector, the interaction
among nucleons can be precisely described by phenomenological approaches as the
Argonne v1g [59] potential or by x EFT in up to fourth order (N3LO), which incorporates
effects of two- and three-body nuclear forces. The latter thereby successfully describes
the structure of few nucleon systems [7] and can be used as a basis for a realistic
description of the EoS of nuclear matter [60-63].

In the |S| = 1 sector x EFT is available at NLO and uses mainly 36 scattering data
points to fit 13 low-energy constants? [66]. The resulting scattering parameters and/or
two-particle wave functions can be used to independently reproduce the behavior of the
measured p—A and p—ZO correlation function [23, 25] and the depth of the computed
single-particle potential at pg [67] is in agreement with hypernuclear measurements. In
this context, first attempts to approximate the effect of three body forces at NLO [68]
highlight the importance of the latter for an accurate description of the behavior of the
A at larger densities. A comparison between the single particle potentials computed
with and without three-body forces is shown in Fig. 1.7 for symmetric nuclear matter
and neutron matter in the left and right panel, respectively. It can be seen, that at
finite densities the repulsive three-body force among ANN causes a much shallower
single-particle potential in both environments and further, lowers the density, where
the A interaction becomes overall repulsive. Unfortunately, the limited amount of
experimental measurements, prohibits a meaningful calculations of x EFT at NNLO,
where three-body forces are estimated more precisely.

The measurements in the |S| = 2 sector are not suited to determine the low-energy
constants of y EFT at NLO directly. Instead, in an exploratory study [53], the parameters
obtained from the experimental data in the |S| = 1 sector for x EFT at NLO, are
carefully adjusted. The authors recently published an update [69] to investigate the
in-medium properties of the =~ and thereby further adjust a few parameters. As
indicated by Fig. 1.3, for increasing strangeness the uncertainties of lattice calculations
shrink and for |S| = 2 they reach a level, where it becomes feasible to compare them to

experimental measurements. In the following, the discussion focuses on the most recent

%In fact there are 20 low-energy constants at NLO, which are reduced to 13 by assuming SU(3) flavor
symmetry and only S-wave contributions [64]. Further, an updated version is available, which uses
additional constraints from the N-N sector [65]

10
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Figure 1.7.: Single particle momentum U, of a hyperon at rest in symmetric nuclear
matter (left) and neutron matter (right) based on x EFT at NLO [64]

results of (2+1)-flavor lattice simulation by the HAL QCD collaboration at physical
pion and kaon masses (m, ~ 146 MeV and mx =~ 525MeV) [19, 70, 71]. The A-A
scattering length® and effective range agrees between x EFT [53] (a9 = (0.62 — 0.70) fm
and rg = (4.65 — 6.95) fm) and lattice QCD [71] (a9 = (0.81 £ 0.23"0%3) fm and ry =
(5.47 +0.7875:%2) fm) within uncertainties. Even though these values correspond to an
attractive interaction, it is too weak to allow a H-dibaryon to form as a bound state of
two A. The values are also well in agreement with the correlation measurement by the
ALICE collaboration [39], and are similar to those predicted by models tuned to describe
hypernuclear measurements like the Nagara event [72, 73].

For both calculations the coupling between AA and NE states is expected to be weak at
low energies. The potentials of the N-Z interaction obtained from lattice simulations in
the different isospin and spin states are depicted in the left panel of Fig. 1.8. The width
of the individual curves is estimated by observing the potentials at different sink-times
of the lattice simulation. All isospin and spin channels reproduce the typical features of
the short-ranged strong interaction. A repulsive core is visible at r — 0, an attractive
pocket appears at intermediate particle distances and it converges to zero for distances
r > 2fm, which hints to an overall attractive interaction. This can be more clearly seen
from the corresponding phase shifts, which is shown as an example for pairs in the
I =0and S = 0 state in the right panel of Fig. 1.8. In this specific case a sudden increase
by almost 60° is observed indicating a significant attraction. Also the phase shifts of all
other isospin and spin combinations are positive, except for I =1 and S = 0 state. A

3Here and in the following the convention of femtoscopy is used, where a positive scattering length
corresponds to a attractive interaction
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Figure 1.8.: (left) N-E potentials for individual isospin and spin states computed from
lattice simulations by the HAL QCD collaboration. The width of the bands are esti-
mated by combining the potentials extracted at different sink-times t/a [71]. (right)
Corresponding scattering phase shift for N-= pairs in the I = 0 and S = 0 state from
lattice calculations [71].

similar behavior is seen from the phase shifts calculated with x EFT at NLO [69]. All
four states of isospin and spin combinations are occupied by p—Z~ pairs and therefore
an attractive interaction among these particles is expected.

The in-medium properties of the &~ have to be calculated in order to compare them to
measurements of the excitation energy and of the binding energy Bz- in hypernuclei. At
po the & single-particle potential based on x EFT at NLO is estimated to have a depth
of U(pg- =0) = —(4.1 — 5.5)MeV [69]. More refined calculations [74], which are based
on an updated version of x EFT at NLO [69], are able to obtain the binding energy for
individual energy levels of the &~ bound state in 1>C and *N, which reproduce those
reported for the Kiso event. Furthermore, the single-particle potential based on lattice
simulations of the & interaction are obtained by utilizing a BHF approach [75], where
the interaction potentials of all |S| = 2 pairs as well as the single-particle potentials
of the A, X and N have to be taken into account. While Uy is computed in a straight
forward way from phenomenological models of the N-N interaction, the U, and Uy, are
computed in the same way as Ug-, where the relevant potentials are obtained from those
in the |S| = 2 sector by assuming SU(3) flavor symmetry. The resulting single-particle
potentials at pg for the different particle species are depicted in Fig. 1.9 by the curves of
different color. They are reported for pure neutron matter (PNM) and for symmetric
nuclear matter (SNM). The uncertainties associated with the lattice simulations of the
potentials for the |S| = 1 sector are large [76], but as a qualitative cross check their
central values are used to investigate the effect of flavor symmetry breaking. The
results for the Z~ potential is depicted by the light blue curve and agrees reasonably
well with the result assuming flavor symmetry. For a &~ in SNM a potential value
of U(kg- = 0) = —(4.0£2.0) MeV is calculated, which indicates a shallow attractive

12
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Figure 1.9.: Single-particle potentials of hyperons in pure neutron matter (PNM) and
symmetric nuclear matter (SNM) utilizing the predictions of the potentials from lattice
calculations by the HAL QCD collaboration in Brueckner-Hartree-Fock calculations.
Figure taken from [75].

interaction and is in a experimental observations. It is worth noting the agreement of
the single-particle potential of the A, U(ky, = 0) = —(28.0 & 2.0) MeV with the value
extracted from measurements.

Experimental data of the interaction among |S| = 3 pairs is absent so far, but a mea-
surements and an analysis of the p—()~ correlation function has been performed [77].
Studies of pairs with |S| > 3 are particularly intriguing, since lattice calculations predict
bound states in the p—()~ [78] and (2-() system [79]. Unfortunately, at this point firm
statements based on these lattice calculations are hampered due to the presence of
strangeness rearrangement processes, e.g. p(}~ — AZ~, and further measurements to
pin down the contribution to the p—()~ interaction from inelastic channels are necessary.

Correlation studies in general are emerging as the only alternative to scattering experi-
ments to deliver direct experimental measurements related to the two- and maybe even
multi-particle interaction in the strangeness sector. These constraints are needed to
validate lattice predictions in a direct way and to improve the estimation of low energy
constants of x EFT [69]. In this context, a unified description of the N-N and N-Y
sector provides the means to evaluate quantitatively the effect of SU(3) flavor symmetry
breaking, as it is assumed by theories and models. Additionally, advancing x EFT with
strangeness to higher orders will incorporate more precisely many-body forces [68]. The
latter is particularly important, in order to obtain precise estimates of the single-particle
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potentials that characterize the behavior of hyperons in dense nuclear matter. This
is particularly relevant in astrophysics, since it appears to provide a solution to the
so-called hyperon puzzle of neutron stars, which is discussed in the next section.

1.3. Neutron Stars and Strangeness

In laboratories collisions of various projectiles at different energies create systems, which
range from those with very high temperatures and negligible densities [80] to those at
moderate temperatures and densities of a few pg [81]. However, terrestrial experiments
are unable to create an environment similar to that in the core of a neutron stars, where
at zero temperature densities of 5 — 10p( are expected to be reached [82]. Hence, these
stellar objects are a unique laboratory to test QCD at extreme conditions and their
description has become an active field of research.

From astrophysical observations neutron stars are found to have masses between 1 —
2M,, with Mg, being the mass of the sun, and radii of around 10 km [83]. Consequently,
gravitational forces subject the system to an enormous pressure, which is directed
towards its center and threatens to collapse the neutron star into a black hole. Unlike
in our sun, where the photon pressure due to the burning of nuclear fuel in fusion
processes counteracts the gravitational collapse, in neutron stars this process comes to
a stop and instead, the constituents themselves have to provide this pressure by their
interactions [82]. The many-body effects on a microscopic scale translates to the Equation
of State (EoS) on the macroscopic scale. The EoS relates the pressure or the energy per
nucleon to the matter or energy density and is said to be either stiff or soft depending
on the compressibility of the system. Due to the gravitational forces acting on a neutron
star, the EoS cannot be too soft and needs a certain stiffness in order to withstand the
pressure. The requirement to balance the pressure from gravity and the pressure from
the interaction among particles can be converted via the Tolman-Oppenheimer-Volkoff
(TOV) equations into a relation between mass and radius of a neutron star [84, 85]. These
equations are derived within general relativity for a non-rotating spherical neutron star.

In this context, observations of neutron stars with masses of about 2M, [86-88] are
particularly interesting, since these provide a benchmark for the stiffness of the EoS to
support such masses. A similarly precise knowledge of the radii would deliver another
valuable constraint, but unfortunately their measurements are associated with large
uncertainties up to now [83]. Observations of neutron star mergers via gravitational
waves are sensitive to a parameter called the tidal deformability A of neutron star matter,
which can be linked to the EoS. The initial analysis by the Ligo/Virgo collaboration
estimated a value of A < 800 [89] and a later analysis using stricter assumptions
estimated a value A = 1901330 [90].

The actual EoS of dense nuclear matter is currently reasonably well determined at
two opposing limits. At extremely large densities calculations within QCD applying
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Figure 1.10.: EoS (left) and resulting mass radius relation (right) estimated by interpola-
tion between the nuclear EoS (blue) and the pQCD EoS (orange) taking into account
astrophysical constraints. The region excluded by the 2M, limit is indicated in cyan,
the regions excluded by a constraining the tidal deformability of a 1.4M neutron star
to values of i) A < 800, ii) 400 < A < 800 and iii) A < 400 are indicated in i) red, ii)
violet and iii) green. Figures taken from [91].

perturbation theory (pQCD) deliver an EoS with uncertainties of around 20% at p 2
40p¢ [91]. On the other end, earth-bound experiments are able to test and to constrain
the EoS of matter up few pg. A reliable theoretical description of the neutron-rich phase
dominated by nucleon interactions obtained by e.g. x EFT. [63] with similar uncertainties
as pQCD is obtained up to po.

In the region between low and high densities the combined constraints from observations
can be used to estimate limits of the EoS via interpolation methods [91, 92], as it is
depicted in the left panel of Fig. 1.10. The area excluded by the requirement to support
a star with 2M, are indicated in cyan, and those areas corresponding to additionally
limiting i) A < 800, ii) 400 < A < 800 and iii) A < 400 are indicated in i) red, ii) violet
and iii) green. The resulting constraints in terms of mass and radius are calculated
via the TOV equations and are displayed in the same color code in the right panel
of the same figure. As expected, the EoS needs to be sufficiently stiff to support a
star with a mass of 2M. Thereby, neutron stars with small radii » < 10km in the
intermediate mass range are excluded. As it can also be seen, limiting the upper range
of A, excludes those EoS that are too stiff and in this way limits the upper range
of radii in the intermediate mass range to r < 14km. This already indicates that a
precise and simultaneous measurement of mass and radius of a neutron star, as well as
further observations of neutron star mergers via gravitational waves will add valuable
constraints to the EoS. Nevertheless, these limits already help to understand the inner
structure of neutron star on a microscopic scale. There are strong hints that the inner
structure of neutron stars with intermediate masses of up to 1.5M, remains compatible
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with hadronic degrees of freedom [93]. In the core of the heaviest neutron stars with
masses close to 2M, however, densities are reached, where the behavior of the EoS
might be linked to the appearance of quark matter [93].

These limits can be used to test detailed descriptions of the EoS on a microscopic scale.
The neutron-rich matter is thought to be in an equilibrium against weak decays [94].
Neutrons are fermions and are therefore affected by Pauli blocking. Consequently, with
increasing densities their Fermi momentum and thereby also their chemical potential
increases. If the chemical potential of nucleons reaches the same level as that of other
particles, it becomes energetically favorable to produce these particles instead and
the appearance of hyperons via leptonic channels, e.g. p +e~ — A + v,, becomes
possible [95]. In this context the interaction of these particles at finite densities becomes
relevant. In a simplified picture, an attractive (repulsive) interaction decreases (increases)
the chemical potential of a particle and thereby shifts the threshold for its appearance to
lower (higher) densities [96].

Starting from measurements in vacuum or at pp, calculations of the interaction at finite
densities rely on relativistic mean field models (RMF), which are based on phenomeno-
logical descriptions of particle interactions via the exchange of different mesons [97], or
other methods like Dirac-Brueckner-Hartree-Fock approaches [98] or Quantum Monte
Carlo approaches [99]. Several measurements constraining the interaction of nuclear
matter at finite densities exist, e.g. see Sec. 5.3.1 of [94] for a recent review. Therefore,
two- and three-body forces are included in state-of-the-art descriptions of the EoS, which
can be extrapolated to higher densities in a controlled way [63, 97]. In contrast, the
experimental knowledge of hyperonic matter, as discussed in the previous section, is
limited to vacuum densities and po, where the single-particle potential of Uy = —28 MeV
is well established, but canonical values of Us ~ 30MeV and Uz =~ —18 MeV have to
be assumed. The composition of matter in a neutron star as a function of the density
calculated via a RMF approach is shown in Fig. 1.11. As the density increases, the A
appears at a density of approximately 2 po, followed by the ¥~ and &~ at approximately
2.5 pg. At even larger densities, it is expected that hyperons constitute a significant
fraction of the matter present in a neutron star.

The new degree of freedom and the fact that these particles interact with their sur-
roundings, influence the behavior of the EoS. Figure 1.11 shows the mass radius relation
for different calculations of the EoS within a Quantum Monte Carlo approach [99]. In
case of pure nuclear matter the interaction among nucleons leads to a stiff EoS and
the resulting mass radius relation (green curve) reaches the limit of 2M. Moreover,
the presence of the A and an additional and an attractive N-A interaction yields a
much softer EoS and as a consequence, the mass radius relation (red curve) is unable
to reach the 2M. limit at all. This is referred to as the hyperon puzzle, which states
that the appearance of hyperons as an additional degree of freedom is expected at large
enough densities, which consequently softens the EoS to a point, where it is unable
to support the masses of the heaviest neutron stars. The solution appears to be the
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Figure 1.11.: (left) Particle fractions as a function of the density, using the FSU2H model
to describe the nucleonic interaction and for different hyperons single-particle potentials
of Uy = —28MeV, Uy = 30MeV and Uz = —18MeV [97]. (right) Resulting mass
radius relation from the EoS computed via Quantum Monte Carlo simulations under
different assumptions of the composition and A interaction inside a neutron star: i)
purely nucleonic matter (green curve), ii) (attractive) two-body NA interaction (red
curve). iii) (attractive) two-body NA interaction combined with a (repulsive) three-body
NNA interaction obtained in two different parametrizations (blue and black curve) [99]

inclusions of a repulsive interaction either among hyperons themselves [96] or due to a
three-body N-N-A interaction. As discussed in Sec. 1.2.3, there are indications for the
presence of the latter from x EFT calculations [68, 100], which turn the A single-particle
potential repulsive around 2pg. Such a possibility is explored in the same Quantum
Monte Carlo calculations [99]. Two different parametrizations of a repulsive three-body
N-N-A interaction are obtained from measurements of the separation energy of dif-
ferent hypernuclei. The resulting EoS becomes stiffer and can support larger neutron
star masses, as it can be seen from the corresponding mass radius relations (blue and
green curve) presented in the right panel of Fig. 1.11. The repulsion of the three-body
force in one parameterization is even strong enough, to prohibit the production of the A
at all and hence the curve follows that of pure neutron matter. It needs to be stressed,
however, that both parametrizations reproduce experimental observations. Furthermore,
These calculations only investigates the A, but also other hyperons as the ¥ and the =
has to be taken into account in the computation of a realistic EoS. So far, however, the
lack of precise experimental data on their interactions prohibits any firm conclusions
on the presence and effect of their interaction, in particular concerning three-body
interactions. This highlights the uncertainty of current calculations and the need for a
better experimental understanding of the two- and three-body interaction of hyperons.

In case of the &7, current calculations, as they are presented in Fig. 1.11, assume a
single-particle potential of Uz- ~ —18MeV. It should be obvious from the discussion of
experimental constraints in the previous section that this value can only be considered a
good guess. Therefore, it is interesting to see the effect of its variation on the EoS and
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Figure 1.12.: Mass radius relations for variations of Ugz-. The curves in the upper (lower)
branch represent the calculations with (without) a repulsive Y-Y interaction [96].

the corresponding mass radius relation. Within the context of RMF calculations [96]
Uz- is varied to values of (—40,—20,0,+20,+40)MeV. The resulting mass radius
relations are depicted in Fig. 1.12. Furthermore, these calculations explore the effect
of an additional repulsive Y-Y interaction, where the upper branch corresponds to
calculations that incorporate a repulsive Y-Y interaction, the lower branch to those with
no Y-Y interaction. There is a strong dependence on the value of Uz- as well as on the
presence of a repulsive Y-Y interaction. At this point, it is clear that precise experimental
data of the hyperon interaction, as it is presented in this work for the =7, plays a crucial
role to constrain and validate theoretical calculations within x EFT or lattice QCD, in
order to establish a sound EoS for neutron stars.
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Part of the motivation for this work is to help in the understanding of astronomical
objects, neutron stars. It is a delightful coincidence that the method, femtoscopy,
originates at least partially in astrophysics. At the end of the 50s, Hanburry Brown and
Twiss used the principle of intensity interferometry to measure the correlation strength
between photons emitted from Sirius and deduced successfully the angular extend of
the star [101]. At the beginning of the 60s, particle physicists started to investigate
differences of angular distributions of like and unlike-sign combinations of pion pairs
that were produced in proton-antiproton reactions [102]. It was quickly realized that
the discrepancy could be explained by correlations between like-sign pion pairs caused
by the interference and symmetric nature of their two-particle wave function [103].
Correlations between particles arise not only due to the (anti-)symmetrization of the
two-particle wave function, but also due to modifications of the latter by Coulomb and
strong interactions. In the following years, the developments in theory, phenomenology
and experiments further refined the formalism. Correlation measurements became
the tool to study the space time properties of the particle emitting region created in
heavy-ion collisions [104]. The term Femtoscopy was coined by the typical extent of the
source in heavy-ion collisions of a few fm. Crucial for this work, however, is the fact that
final-state interactions (FSIs) and final-state effects produce these correlations, which
means that measurements are sensitive to the strong interaction of different particle
pairs.

2.1. Two Particle Correlation Function

The observable is the two-particle correlation function and it is defined as the ratio of
the Lorentz-invariant pair spectra and the product of the single particle spectra [105],

(B ) = E1E,dN?2/(pid®p2) N (fh, o)
P1P2) = (B, dNT/dBpy) (E2dN2/dps) ~ N (p1) N (B2)

2.1)

Here, p;, i = 1,2 is the momentum! of each particle, and the above can also be under-
stood as the ratio between N (p, p2), the probability to find a pair of particles with

L Absolute (scalar) values will be italic (), three vectors will be marked by the arrow (@), four vectors
are bold (a).
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momenta p; and pa, and N (;), the probability to find each particle with a momentum
Pi-
The link of Eq. 2.1 to quantities that can be obtained experimentally is rather straight-

forward. A convenient choice of reference system is the pair rest frame (PRF)?. The
particles are boosted such that p = —p; and

Nsame (k* )

C(p1, p2) = C(k") = ¢(k) @ Nowea ()

(2.2)
with the relative momentum of the pair k* = 1/2 | p; — p; |. The spectrum in the
numerator Ngame (k*) is obtained from particle pairs in the same event where correlations
due to the two-particle final-state effects and their interaction are present. These have
to be absent in the spectrum in the denominator Npiyeq (k*), which has to be obtained
from uncorrelated pairs. Typically, this is achieved by building pairs from particles in
separate events, such that this distribution exhibits a much smaller statistical uncertainty
than Ngame (k*). For this reason, in the simplest case a normalization constant &(k*) = A
has to be introduced, chosen such that C(k*) = 1 in the region k* 2> 200MeV /¢, where
the femtoscopic signal is expected to be absent. In most cases the correction has a more
complex, k* dependent behavior in order to account for experimental effects, as they
will be discussed in detail in the later chapters.
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Figure 2.1.: Examples of the behavior of the correlation function for a pair of non-
interacting particles (black solid line), a pair attractively interacting particles (green
dashed line), a pair of repulsively interacting particles (blue long dashed line) and a pair
of particles that form a bound state (magenta short dashed line).

2In the following all quantities in the PRF are denoted by an asterisk (7*)
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2.1. Two Particle Correlation Function

Already at this point the sensitivity of the observable to any kind of interaction can be
seen by assuming a simplified interaction, limited to three cases: 1) no interaction, 2)
attraction and 3) repulsion. The behavior of the correlation functions for those cases
is depicted by the exemplary curves in Fig. 2.1. In the first case, it does not matter if
the two-particles are observed alone or as a pair, N (1, p2) factorizes to N (p1) - N (p2)
and C(k*), as it is depicted by the black line, remains at unity. In the second (third)
case, particle pairs are pulled together (apart) and correspondingly, the probability to
find them at small k* is enhanced (reduced) compared to the product of the single
particle probabilities. Consequently, the C(k*), as it is depicted by the green (blue)
curve, is enhanced above (diminished below) unity. But also more complex details of
the interaction are reflected in the behavior of the correlation function. For example, the
appearance of a bound state, e.g. that of a deuteron formed by a proton and a neutron,
causes pairs to disappear in the measurement of their correlated yield. Therefore,
the probability to find particles as pairs is reduced compared to the product of the
single particle probabilities. As expected, the also corresponding C(k*), depicted by
the magenta line, shows a depletion, albeit at intermediate k*. It should be noted,
however, that the overall behavior of C(k*) in this case is more involved, see e.g. [106].
This sensitivity of the correlation function to the details of the interaction means that
femtoscopy is a unique tool to investigate the presence and the effects of the strong force
among particles.

In order to model Eq. 2.1, it has to be linked to quantities that can be easily calculated.
In the following, this is sketched in coarse steps, a more detailed description and also
discussion of this can be found in [104, 107]. Starting from a quantum mechanical
description [104, 108] it can be shown that

Cp,q) - J s (LX) salp2 ) | 9(ar) [ 03

[ d*x151(p1,x1) [ d*x252(p2, X2)

Here, P = p; + p> denotes the total momentum of the pair. According to the formalism
worked out in [104], the relative momentum of the pair q, is defined as

1 1
=3 [(m —p2)" = gz (p1—p2)y - P PH (24)

The function s(p;, x;) are the emission functions, representing the probability to emit
a particle with momentum p; = (E;, ;) at the space-point x; = (t;,X;). The Lorenz-
invariant particle spectra are then given as

EdTp = /d X S(p,X). (25)

At last, in Eq. 2.3, the weight is given by square of the Bethe-Salpeter amplitude [109]
l¢(q,1*)|> and gives the probability to also observe the particles in this state after
emission. Under the equal time approximation [104, 110] that in the PRF t; —t; = 0,
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2. Femtoscopy

the time dependence drops out, and ¢(q,r*) — (4, 7") reduces to the stationary two-
particle wave function. The only time dependence in Eq. 2.3 left is hence only contained
in the source. Here the smoothness assumption is used that in the emission function
pi — pi = m;/(my + my)P can be expressed in terms of the total momentum P. With
r* = x; — Xp, the pair emission function in Eq. 2.3 is normalized by the single particle
emission functions and can be replaced by

Sp(7) = / dt* Sp(r"). 2.6)

In the PRF P = p; +p> = 0, and § — k* becomes a scalar quantity, where
k* =1 | 71" — p>" |. Equation 2.3 can then be written as [111]

C(k*) = /d%* | p(k*,7) |2 S(7). (2.7)

At this point the correlation function C(k*) depends only on two separate factors: the
space-time configuration of the emitted particles described by S(r*) and the propagation
of particles accounted for by ¢ (k*,7*). As mentioned at the beginning of this chapter,
femtoscopy is traditionally employed to study S(r*), usually by using m—7 or K-K
correlations. For these pairs the strong interaction can be neglected [104] and interference
occurs mainly because of the fact that the particles are indistinguishable bosons, so
called Bose-Einstein correlations. The ¢(k*,7*) is given by symmetrizing the two free
wave functions of the single particles. When the strong or Coulomb interaction has
to be taken into account, as it is the case for example for p—p pairs, the (k*,7*) can
either be approximated or directly calculated from the Schrodinger equation, as it will
be discussed in Section 2.4. For S(7*) a functional form is usually assumed based on a
Gaussian distribution as it will be discussed in the next section.

2.2. Gaussian Source Distribution

A typical parametrization of S(r*) is obtained by assuming no time and momentum
dependence and that the single-particle emitter,

*2 *2 *2
X+}/+Z> , 28)

s(pox) = ot yexp (5 L

follow a spherically symmetric Gaussian distribution with width rgayuss. For two particles
with the same s(p, x), it can then be shown [107, 112] that by describing their spatial
coordinates by their relative distance 7 = ¥; — ¥»,

2 |2
S(7) = ;exp (—4(“‘2) (2.9)

(47T 7/2Gauss)3/2 rGauss)
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2.2. Gaussian Source Distribution

The emission function S(r*) = S(7*) then only depends on a scalar r* = ||, the
relative distance between pairs, and the source size rgayuss. In principle, the width of the
single-particle emitters might be different in each individual spatial direction. This can
only be investigated, however, by a three dimensional measurement of the correlation
function [104]. In high energy collisions, 7t mesons are produced abundantly enough to
detect a sufficient number of same charge 77—t pairs for such a measurement [104, 113
115]. In heavy-ion collisions at relativistic energies enough K mesons are produced to
extend these studies also to correlations among same charge and neutral K-K pairs [116].
If particles are produced less abundantly, as it is the case for heavier particles or if
generally less particles are produced, e.g. in typical pp or p-Pb collisions at similar
energies, the correlation function of the corresponding pairs is often measured in
one dimension. The source is then parameterized according to Eq. 2.9 and the one-
dimensional source size rGayss is evaluated by using Eq. 2.7 to fit the data [23, 117,
118].

For studies of S(r*) the correlation function is analyzed for pairs where the (k*, 7*)
is well constrained. The aim of this work, however, is to study the interaction of
particles and test different models to describe this interaction. Thereby, simultaneously
determining the parameters of S(r*), would introduce too many degrees of freedom in
the fit. Event generators like EPOS could deliver a spatial distribution of particle pairs
at freeze-out to constraint S(r*). The resulting prediction for p—p pairs, for which the
interaction and hence the ¢(k*,7*) is well described, nevertheless fails to describe the
corresponding measurement in data [119, 120]3. In this work it is assumed that different
particle species share a common source and the correlation function of p—p pairs is used
to constrain its size. Since this assumption is one of the building blocks for these studies,
it is in the following discussed in more detail.

It is important to note that the femtoscopic correlations develop for pairs where the
particle momenta are aligned relatively collinear. This leads to the fact that the measured
source size does not necessarily reflect the extend of the whole fireball but the so-called
"length of homogeneity" [104, 121]. In the following, this is explained based on the
simplified sketches in Fig. 2.2, which depict the emission of particles from two different
systems. Particles can originate from any point within the reaction volume, which is
represented by the black circle. As an example, particles are produced at four points
and the possible orientations of their momenta are shown as arrows. In the sketch in
the left panel, the momenta of the emitted particles point in all directions, regardless
of their origin. If one particle with any momentum is paired with the others, there are
always configurations, as the one indicated in blue, where the momenta align relatively
collinear. In turn, this means that in this system the correlations between particles can
develop over the entire volume. In contrast, in the scenario depicted right panel, the

3The direct comparison was never published and is only available internally. Indirectly it can be seen if
one considers that in [23] a Gaussian source size of approximately 1.1 fm is reported. In [120] the genuine
prediction of C(k*) for this source size is depicted in Fig. 7 (blue line) and it is not reproduced by the
prediction of C(k*) using the S(r*) extracted from the EPOS simulations (red line).
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Figure 2.2.: Examples depicting the production points of particles and their momenta
(arrows) from a reaction volumes (circle) for two scenarios of their emission. (left) Four
particles are produced with momenta which are oriented in entirely random directions.
(right) Four particles are produced with momenta which are oriented radially outward.
Momenta in blue correspond to possible configurations where the momenta align such
that the particles move collinear. As a results the correlations among them develop at a
distance 7; and probe a different extend of the reaction volume. See text for details.

momenta of the emitted particles are oriented mostly radially outward. In this case,
if one particle with a certain momentum is paired with others, the configurations of
particles with collinear momenta, as the one indicated in blue, are limited to a sub
volume specified by the blue circle. Hence, the correlations develop within a part of
the reaction volume and the measured source size only reflects the distance between
particles with similar kinematics and therefore is called the length of homogeneity.

The scenario sketched in the left panel is similar to the emission of particles from a
system like a thermal bath. The one in the right panel is similar the emission of particles
from an system like a fireball, which itself expands outwards. Heavy-ion collisions are
understood to create a hot system similar to a thermal bath, but it evolves over time and,
like a fireball, expands radially outwards as it cools down.

In these collisions, a collective motion of the emitted particles is observed as (an-)isotropic
flow [122, 123]. The observation of collectivity implies that the radial boost, due to
the outward expansion of the system, prevails over the thermal motion, due to the
temperature of the system. The anisotropies are most pronounced, if the nuclei overlap
only partially during the collision. In these cases, the initial reaction volume has an
almond like shape and it is understood that this results in additional pressure gradients,
which cause a modulation of the radial boost. This way, the initial geometric anisotropy
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2.2. Gaussian Source Distribution

translate into one in momentum space, which supports the picture that particles partake
in a collective evolution of the system. The femtoscopic radii are exFected to exhibit a
common scaling as a function of the transverse mass mr = (k% + mz) /2 [124]. Here m is
the average mass of the particle pair and kt = |p1, 1 + P, 2|/2 the transverse momentum
of the pair, where pr is the transverse momentum of each of the particles. This can
be understood as an interplay between thermal and collective motion [104, 125]. In
the following, as a simplified example, a system is considered, where the mass of all
emitted particles is the same. Their respective momenta shall be composed of a collective
component, with a constant magnitude that points radially outward, and and a thermal
component, with random magnitude and direction. As explained before, femtoscopy
measures the entire system size only in case the latter dominates, while in case the former
dominates, it measures a smaller size, the length of homogeneity. If both contributions
are present, it means that over the whole system the isotropic outward motion is smeared
out by the random thermal motion. Thereby, it is possible for the momenta between
particle pairs to align collinear over larger distances. Still, particles, and hence also pairs,
with the largest momenta are only produced if the thermal component aligns with the
collective one. This results in the decreasing behavior of the length of homogeneity
as the momentum of the pair kt increases. Since the effect of thermal motion is mass
dependent, the radii scale as a function of mt. Of course, in order to describe the exact
scaling, it is necessary to take into account the full evolution of heavy-collisions, i.a. a
realistic radial boost profile as well as its anisotropies, as for example in [126]. Indeed
the measured source sizes of different particle pairs [117] exhibit a mt scaling. It is
common for kaon and proton pairs, but seems to be broken for pion pairs. This might
be nevertheless be explained by a larger effect of the Lorentz boost for lighter masses,
which appears if the three dimensional source size is converted to a one dimensional
one [117, 126], or alternatively, by modifications of the source size from the coherent
emission of pions from short-lived resonances [127, 128].

In elementary collisions like pp or p—Pb similar studies aim to find evidence for col-
lectivity. In systems with small multiplicities, flow related observables currently as
associated with large uncertainties related to non-flow contributions, which scale in-
versely with the number of produced particles [122]. A smooth transition from small to
large collision systems can be observed from the production ratio between hadrons and
pions as a function of the number of produced particles. In particular striking is the fact
that the amount of particles which contain strangeness is enhanced as the multiplicity
increases independent of the collision system. Also the mt and kt dependence of the
femtoscopic radii is investigated. In minimum bias data these studies were up to now
limited to the low mt region since differential studies were only feasible for 77— and
K—K pairs [23, 118]. These studies point to a variation of the radius as a function of
the event multiplicity and on the pair mt yet less pronounced than in the heavy-ion
system [129-133]. For heavier pairs an analysis of low relative momentum p—p and p-A
pairs in minimum bias proton-proton (pp) collisions at /s = 7 TeV demonstrated that
one radius is sufficient to simultaneously describe both correlation functions within the
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2. Femtoscopy

uncertainties [23]. This will be further investigated by an analysis of femtoscopic source
sizes of p—p and p-A pairs in pp collisions at the highest particles multiplicities as close
as possible to that of heavy-ion collisions.

2.3. Modeling of Resonance Contributions

Assuming a common Gaussian source completely neglects the presence of resonances
and particles decaying with lifetimes on the scale of the source sizes. Their effect on
the correlation function was studied for 77— pairs in heavy-ion collisions and it was
shown that they lead to significant exponential tails of the source distribution [134—
137]. There are of course also short-lived resonances like the A or the N*, where the
decay produces pions but also additional baryons. For pp collisions, the statistical
hadronization model (SHM) in the canonical approach can be employed to obtain the
composition of the contribution of resonances to the yield of protons and A baryons. For
these calculations, a freeze-out temperature T = 157 MeV and strangeness suppression
factor s = 0.76 [138] was chosen such that measured particles yields of inelastic pp
collisions at /s = 13 TeV are reproduced. The results are summarized in Table 2.1.
Only around 1/3 of all protons and A baryons are produced primordially. Looking at
the composition in more detail, one can see that protons can be produced in decays
of 57 different resonances with lifetimes 0.5fm < ¢t < 13fm. Besides the primordial
contributions, 22% of the total yield of protons is associated with a decay of a AT
resonance, 15% with the decay of a A™ resonance, and 7.2% with a AY resonance. The

Table 2.1.: SHM estimates for the fraction of primordial protons and Abaryons pro-
duced in pp collisions at /s = 13 TeV as well as those resonances with the largest
contribution to the total yield of those particles and their lifetimes cTes and masses Myes.
Additionally, the average values are reported, which are calculated using the complete
set of resonances included in the SHM, as well as their lifetimes and branching ratios.

Contribution Fraction (%) CTres (fM)  Miyes (GeV/c?)

Primordial 33

ATT 22 1.67 1.232
Proton | AT 15 1.67 1.232

AD 7.2 1.67 1.232

All Resonances Avg. 67 1.65 1.35

Primordial 34

DIRRE 12 5.51 1.232
A *0 12 5.48 1.232

p 12 5.01 1.232

All Resonances Avg. 64 4.69 1.46
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2.3. Modeling of Resonance Contributions

remaining secondary protons originate from heavier N*, A and A resonances, which
contribute individually with less than 2%. The total yield of A baryons is composed
of the primordial contribution and 32 resonances with lifetimes 0.5fm < ¢t < 8.5fm.
Most prominently ~**, ¥ and X*~ are each the origin of 12% of all A baryons, while
decays of heavier N*, A, and X resonances individually contribute with less than 1%.

The average lifetime (cTwes) and masses (Myes) of the resonances weighted by their
abundance and branching ratio, feeding into protons (A baryons) is 1.65 fm (4.69 fm),
while the weighted average of the masses is 1.36 GeV /c? (1.46 GeV/c?). Although the
amount of secondaries is similar for protons and A-baryons, there is a significant
difference in the mean lifetime of the corresponding resonances, which is much longer
for the A baryons.

It is important to notice that decays with ¢t 2 20fm, so for example weak decays
of A — 7~ + p or electromagnetic decays of £’ — A7, are missing in the above
discussion. Also, contributions to the yield of the heavier =~ are limited to decays of
the £(1530) — E~ + 7+, which have a rather long ct~20 fm [2]. All these particles live
long enough to imprint a correlation signal caused by their own FSI into the measured
correlation function and they have to be accounted for by the so-called A parameters [23],
see for example Section 4.1.4.

Driven by this observation and to estimate the magnitude by how much the radii
change between the different particle species, it became necessary to develop a way to
model S(r*) accounting for effect of resonances. Ultimately, this effort yielded a new
parameterization of S(r*) [139]. In the following, the concept behind its implementation
will only be outlined shortly, since the development of the mathematical formalism and
implementation within CATS was for the most part work of [24]. The application of this
model to fit correlation functions was part of this work and can be found in Chap. 4.

The following discussion is based on the assumption that the correlation function is
measured for a pair of particles a2 and b, which are either primordial or result from the
decay of a resonance* a’ — a + 7t and b’ — b + 7. This means that the pairs of particles
a and b can in total be emitted in four possible configurations, a pair of i) primordial
particles a and b, ii) primordial particle a and particle b from the decay of resonance v/,
iii) particle a from the decay of resonance 4’ and primordial particle b and iv) particle
a and b, both from the decay of resonance a’ and b'. With a probability P, and P,
particle 2 and b can be primordial and with a probability P, =1 — P, and Py =1 - P,
they can originate from the resonances a’ or b'. The probability of each of the above
configurations is then given by i) P, - Dy, ii) P, - Py, iii) Py - P, and iv) Py - Py. Then S(r*)
can be written as

“Here and in the following the two-body decay of one effective resonance into a 77 is assumed. This is
justified by the fact that these channels are the most prominent for the above resonances according to [2]
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Figure 2.3.: Schematic representation of the modeling of S(r*) including the effect of
resonances. Particles are emitted at a distance 7;,,, sampled from a Gaussian distribution
with width r.ore. In case the particle is a resonance, before the decay occurs, it travels
a distance Syes, Where | Syes | is sampled from the exponential decay law according to
the lifetime and directions are taken from EPOS (see text for details). The distribution
S(r*) is then sampled from the distance | 7* | between the particles of interest. Figure
reproduced from [139].

S(T"*) =P,-P, X Sa_b(r*) + P, - Py X Su—b’ (7"*) (2 10)
+ Py - Py X Sa/—b(r*) + Py - Py X Sa’—b’(r*)/

where §; ; is the source distribution of the individual pairs i)-iv).

The concept of the modeling of the emission profile is schematically depicted in Fig. 2.3.
It is assumed that there is an underlying, common emission profile for all primordial
pairs,soa —b,a—b',a’ — b and a’ — V'. This so-called core source is parameterized by
the same Gaussian distribution as in Eq. 2.9 with a width rcyre. If either particle a or b
originates from a resonance, their emission point is shifted according to the lifetime of
the resonance t,.s that follows an exponential distribution with an inverse scale given
by (Trs). Effectively, the Gaussian and the exponential distribution have to be folded
with each other, accounting for the phase-space distribution of the resonances. This
can be done analytically, but results in a extensively long and computationally unstable
expression and instead, the problem is approached numerically. The algorithm starts
by placing two particles at a distance 7, sampled from Eq. 2.9 with a width rcore.
In principle at this point more than one resonance could be considered, however, the
following discussion is limited to the case of two resonances a’ — a+ mwand b’ — b+ T,
as outlined above. All quantities are calculated and evaluated in the PRF of the two
measured particles a and b. According to the probabilities P, and P, each particle is
assigned to be either a primordial or a resonance, in which case the decay has to be
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2.3. Modeling of Resonance Contributions

simulated. The distance 7 between the two particles a and b is given as

%

- ok ok
" = Yeore + Sres,a + Sres,b/ (2-11)

where 5}, is the distance a resonance travels before it decays. In case the initial particle
is primordial 5},; = 0. The absolute value s;,; =| 55, | is calculated from the lifetime s,
momentum p,.s and mass M,,; of the resonance

Stes = YresPrestres = ]\P;Ires . (2.12)
res

Here, t,,s is sampled from an exponential distribution

T(t) = 1/<Tres> - exp (_t/<Tres>) ’ (2.13)

where (T,;) is the average lifetime of the resonance. The last ingredient to evalu-

ate Eq. 2.11 are the angles between the three vectors, <(7ore, Syes), UFeores Syes ) and

U(Syes,ar Spog p)- At this point, the distribution S(r*) can be directly obtained by repeating
the above procedure several times and evaluating | 7. |, where 7., is calculated

according to Eq. 2.11.

Several inputs to the procedure described in the previous paragraph need to be evaluated.
The values summarized in Table 2.1, extracted from SHM calculations, are used for the
probabilities P, and Py, Tres and M,.s. The remainder, so p,.s and the angles, depend on
the emission process, which cannot be computed trivially and can only be estimated
with the help of transport models, for example EPOS [140]°. Therefore, the freeze-out
configuration of particles is simulated for the relevant reaction, e.g. pp collisions at
Vs = 13 TeV, and pairs of primordial protons, Abaryons or any resonances that
feed into either of those particles are identified. Only the pairs with k* < 200MeV /¢
are considered, since those are relevant in the following description of the measured
correlation function. In EPOS the yields of heavier resonances are significantly over
estimated®. Therefore, pairs are selected such that the average values of (M) by
calculations by the SHM are reproduced. Their kinematic and spatial information as
well as the masses of all particles are then available to be used in the above sampling
procedure. For each iteration, a pair of the corresponding combination is picked from
the pool to fix the values of p;.s and of the three angles.

5Also Pythia [141] was used as a cross-check, however, here primordial particles are emitted at the
origin and were therefore randomly distributed over a sphere to mimic a radially outward emission. Since
those results agreed with the ones from EPOS, the latter was used.

®One of the EPOS authors, Klaus Werner, was contacted, and apparently the lighter resonances are
partially populated by the decay of heavier ones. Selecting primordial particles then leads to the observed
bias.
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Figure 2.4.: The open blue circles (red triangles) represent the source distributions of
p—p (p—A) pairs assuming a width rcore = 1.2 fm and accounting for resonances (see text
for details). An effective source size of 7. of 1.28 fm (1.41 fm) is extracted by a fit with a
Gaussian distribution according to Eq. 2.9, depicted by the solid blue (red) line.

Figure 2.4 shows the resulting source distributions for p—p (blue open circles) and p—-A
(red open triangles) pairs, starting from the same core of width of 7¢ore = 1.2fm and
normalized such that

/dr*S(r*) =1. (2.14)

Any difference between these source distributions is due to the effect of resonances.
The solid lines depict the fit of the distribution by the function in Eq. 2.9 to extract an
effective Gaussian source radius 7.¢. This yields an effective source size of reg of 1.28 fm
(1.41 fm) for p—p (p—A) pairs. The resonances decaying into a A have a longer lifetime
than those decaying into protons. For p—A pairs the modification of the Gaussian core
distribution lead to an increase of r.¢ by almost 20%.

2.4. The Two-Particle Wave Function

In most of the past femtoscopy studies, modifications to the (k*,7*) due to the in-
teraction among particle have been considered using approximations. In case both
particles are charged, the presence of the Coulomb interaction can be accounted for
by multiplying the (free) two-particle wave function with the Gamow factor [117, 142].
The strong interaction can be described within the effective-range expansion by two
scattering parameters: the scattering length ap and the effective range dy. Under the
assumption of a Gaussian source distribution, an analytic form of C(k*) can be derived:

30



2.4. The Two-Particle Wave Function

the so-called Lednicky-Lyuboshits model [112]. Without any approximations, however,
the most natural way to calculate p(k*,7*) is to solve the two-particle Schrodinger equa-
tion, taking into account the (anti-)symetrization of the wave function and any Coulomb
or strong interaction potential. In most cases, it is necessary to follow a numerical
approach as it is is provided by Correlation Analysis Tool Solving the Schrodinger
Equation (CATS) [24, 120] for local interaction potentials V(r*). After the framework
calculates ¢(k*,7*) it computes C(k*) according to Eq. 2.7 for any source distribution.

For the following discussion, a pair of identical, non-interacting particles is considered.
For a pair of bosons, e.g. two pions, the two-particle {(k*,7*) has to be symmetric
under exchange of the particle position, which implies that the parity has to fulfill
P=(-1)t*s = 1. Fora pair of fermions, e.g. two protons, the two-particle ¥ (k*,7*) has
to be anti-symmetric under exchange of the particle position and in this case the parity

has to fulfill P = (—1)L+5+1 )

The 77 meson has S = 0 and the 71— pair can only occupy the singlet state S = 0. The
free wave functions of each of the two particles has to be combined such that ¢ (k*,7*) is
symmetric, which yields [143]

| p(k*,7) |°=1+cos (2 - k*r"). (2.15)

Protons, however, have S = 1/2 and the p—p pairs can occupy both spin states, the
singlet S = 0 and triplet S = 1. In high-energy collisions it can be assumed that the

o L L IR R R LN BB N
X i i
S 2 ” —_—rg=1.2fm -1 QS .
X =7 =4.0fm p-p QS :
15 —
1
0.5 —
O-....I....I....I....I....I.. .-
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k* (MeVic)

Figure 2.5.: The correlation function of identical, non-interacting pairs of 77 mesons
(green) and protons (blue). The curves were obtained for two Gaussian source sizes:
TGauss = 1.2 fm (solid line) and rgauss = 4.0 fm (dashed line).
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pairs are produced without any preference on their polarization and the probabilities to
find a pair in either state are 1/4 and 3/4, respectively. The total wave function for such
a pair is then given by as [143]

Xk Pk 1 X Pk 3 kX ok 1 Xk
[, 7) P= 5 Lgs(k5,7) P47 [r(K,7) P=1—Scos(2-kr).  (216)

Figure 2.5 depicts examples of C(k*) calculated by CATS considering only the effects of
QS for rt—7 (green curve) and p—p (blue curve) pairs under the assumption of Gaussian
source distribution for two different source sizes of rgauss = 1.2fm (solid line) and
TGauss = 4.0fm (dashed line). Independently of the source distribution, at k* = 0
the correlation functions converge towards C(k*) = 2 for bosons and C(k*) = 0.5 for
fermions, following the expectation from respective ¢ (k*,7*) in Eq. 2.15 and Eq. 2.16.
While the intercept of the correlation function due to QS at k* = 0 is independent of
S(r*), it can be seen that the shape of the correlation function at k* > 0 is sensitive
to the geometric properties of the source. This can also be understood on the basis
of the Heisenberg uncertainty principal, which implies that the more the emission of
particles pairs is localized in coordinate space, the wider has to be the distribution of
their relative momenta. Under the assumption of a Gaussian source distribution, an
analytic relation can be derived for C(k*) by inserting the corresponding ¢ (k*,7*) into

C(k)

== Coulomb

QS
== Coulomb+QS

PR S S S N ST TR TN THN [ T T T PR S TR T N T T T T N R T
0 100 200 100 200
k* (MeV/c) k* (MeV/c)

Figure 2.6.: The correlation function of identical pairs of charged 7 mesons (left) and
protons (right) considering only the Coulomb interaction (magenta curves), only the
effects of QS (green curve) or the combination of both (violet curve). The results
depicted by a solid line were obtained with a Gaussian source sizes of rGayss = 1.2 fm.
The correlation function depicted by the dashed line is calculated considering only the
Coulomb interaction and a Gaussian source size of rgauss = 4.0 fm.
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2.4. The Two-Particle Wave Function

Eq. 2.7. In turn, it can be shown that the source size is inversely proportional to the
width of the correlation signal [108].

Another source of correlations is the Coulomb interaction, and when pairs of particles
with identical (opposite) charges are considered, the Coulomb interaction is repulsive
(attractive). To explore the effect on the correlation function, the ¢ (k*,7*) was calculated
by CATS for 77—t and p—p pairs only considering the Coulomb interaction. Under the
assumption of a Gaussian source distribution the results for C(k*) are shown by the
magenta curves in the left and right panel of Fig. 2.6 for two different source sizes of
TGauss = 1.2 fm (solid line) and rgauss = 4.0 fm (dashed line). Regardless of the spatial
separation between particles, the long-range repulsion of the Coulomb interaction
prohibits pairs with k* = 0 and hence C(0) = 0 [111]. It can be seen that the overall
sensitivity of these correlations to the source size is much weaker than of those from QS
discussed before. The comparison of C(k*) of 77— and p—p pairs, which have different
masses, reveals that for the heavier particle pairs the correlation signal becomes more
pronounced and exhibits a more distinctive dependence on the extend of the source.

Because of the sensitivity of QS to the properties of the source, these correlations are
usually used to investigate its geometrical properties. In order to fully describe the
C(k*) of charged particle pairs, however, the Coulomb interaction needs to be taken
into account. This can be seen by the violet curves in Fig. 2.6, depicting the correlation
function due to the combination of QS and Coulomb interaction. For m—7 pairs the
correlation function for k* 2 60 MeV /c is described by only considering the effects of
QS (green curve), while at low k* the Coulomb interaction dominates the behavior. For
the heavier p—p pairs, the Coulomb interaction extends the region where C(k*) diverges
from the pure QS case to k* < 100MeV/c.

Of course, also the strong interaction introduces correlations between particles. In the
following its effect on C(k*) is investigated based on the example of p—p pairs. To
describe their strong interaction the Argonne v1g potential [59] is used, which is well
constrained by the precise measurements of the N-N scattering cross sections and phase
shifts in several partial waves. The states are in the following denoted as 2L}, where S
is the spin of the pair, L the angular momentum and | the total angular momentum. Both

particles are fermions and, as discussed before, only states with P = (—1)L5+1 =1
are allowed, while states like 'P; are prohibited. Figure 2.7 presents the correlation
functions considering only the strong interaction of p—p pairs individually in the states
1Sy (orange curve), 3Py (magenta curve), °P; (blue Curve) and 3P, (green curve). They were
calculated under the assumption of a Gaussian source with size rgauss = 1.2fm using
CATS. The interaction at low relative momenta (k* < 100 MeV /c) is clearly dominated
by the S-wave, while the contributions from the interaction in the P-wave only become
equally significant in the region at larger k*.

In the following the S and P wave are considered and the total correlation function is
calculated following [120] as
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2. Femtoscopy
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k) = 12

C(k*’Py). (2.17)
Besides the strong interaction of the two protons, the Coulomb interaction and QS
have to be considered. The total correlation function is shown in left panel Fig. 2.8.
The curves were calculated using CATS under the assumption of a Gaussian source
with two different sizes rgauss = 1.2fm (solid line) and rgauss = 4.0 fm (dashed line).
Also in this case, the Coulomb interaction dominates the behavior of C(k*) at k* — 0
and forces the correlation function to 0. As k* increases, the effects of the strong
interaction become more prominent, which for both source sizes lead to an enhancement
of C(k*) above unity. The interplay of strong and Coulomb interaction as well as QS
results in a peak around ~20MeV /c. The individual contributions to the total C(k*) for
TGauss = 1.2 fm are shown in the bottom right panel of Fig. 2.8. The signals of the strong
interaction (orange curve) and of the Coulomb interaction (magenta curve) disappear
above k*~100MeV /c and only the contribution of QS (green curve) differs significantly
from unity. As a result, the total correlation function (solid blue line) exhibits a depletion
at k*~100MeV /¢, which is more clearly visible in the magnified version depicted in the
upper right panel of the same figure.

As it was discussed in the first example of this section, with an increasing radius the
effects of QS become contained to a smaller region of k*. Consequently, the depletion
at k*~100 MeV /¢ vanishes in the total correlation function for rgauss = 4.0fm. More
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Figure 2.7.: The correlation function of identical pairs of protons considering only
the strong interaction parameterized by the Argonne vi3 potential [59] in different
partial waves 2°*1L;. The results were obtained for a Gaussian source with a size of
TGauss = 1.2 fm.
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2.4. The Two-Particle Wave Function

prominently, however, is the change of the amplitude of the strong interaction signal,
when the dashed curve and solid curves in the left panel of Fig. 2.8 are compared.

The connection between the source size and the correlation signal due to the strong
interaction is best understood with the help of Fig. 2.9, where the shapes of the strong
(local) interaction potential and the source distribution are compared. As an example for
the strong interaction the Argonne v1s 'Sy potential is shown. It has a repulsive core for
small r (7 < 0.7 fm), an attractive pocket at intermediate r up to ~2fm and it vanishes
for r 2 5fm, which is typical for the strong interaction because of its short-range nature.
The source distribution, so the probability to emit a pair of particles at a certain distance,
is calculated assuming a Gaussian source with a size of rgauss = 1.2fm (pink curve)
and a size rgauss = 4.0 fm (magenta curve). By comparing the potential and the source
distributions it can be seen that in case of a larger source almost all pairs are emitted
outside of the region where the strong interaction potentials differs significantly from
zero. Correspondingly, the correlation function, as shown by the dashed line in Fig. 2.8,
reflects mainly the effects of QS and Coulomb interaction. In contrast, for a small
source a large fraction of pairs is emitted with particularly small relative distances in the
region left of the black line. Here the particles interact via the strong force and also the
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Figure 2.8.: (Left) The correlation function (blue curve) of identical pairs of protons
considering the combination of QS, Coulomb and strong interaction, parameterized
by the Argonne vig potential [59]. The result depicted by a solid line was obtained
with a Gaussian source sizes of rgauss = 1.2 fm, the one depicted by a dashed line with
TGauss = 4.0fm. (Top right) Zoomed version of the left plot in the region where the
QS deplete the correlation function below unity. (Bottom right) Comparison of the
individual correlation functions due to QS (green), Coulomb (magenta) and strong
interaction (orange) for a Gaussian source with size rgauss = 1.2 fm.
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2. Femtoscopy

modification of correlation function, shown by the solid line in Fig. 2.8, is much more
pronounced.

Historically, femtoscopy in heavy-ion collisions was used to investigate S(r*) via the
correlation function of particle pairs like 77— but also p—p, where the interaction and
hence ¢(k*,7*) is well constrained. If this approach is turned around, (non-traditional)
femtoscopy can also be used as a unique tool to study the interaction among particles.
As it was demonstrated in the last paragraph, it is advantageous if a large amount
of pairs is emitted at small relative distances, since it increases the sensitivity of the
correlation function to the FSI. Furthermore, the latter can only be probed in detail if
the source size matches its range. Hence, in these studies it is preferable to measure the
correlation functions in small systems, created e.g. in pp and p—Pb collisions, over those
measured in larger systems, created in heavy-ion collisions.

2.5. Coupled Channels

A priori the two-particle interaction can also be inelastic as long as the quantum
numbers of the interactions are conserved. For example in the |S| = 1 sector, theory
predicts unanimously a coupling between the AN-XN states [14, 65]. Measurements via
femtoscopy for the first time are able to resolve this also experimentally. Coupling is
also known to exist in the KN-7tZ-7A system, where the formalism was successfully
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Figure 2.9.: Comparison between the Argonne 15 'Sj interaction potential V() (blue
curve) and the Gaussian source distribution 471725(r), calculated for a source size
TGauss = 1.2fm (pink curve) and rgauss = 1.2fm (magenta curve). The black line
represents the approximate range of V(7).
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2.5. Coupled Channels

applied and developed [144-146]. If the inelastic contributions are significant, then this
leads to two major conceptual changes from the perspective of femtoscopy.

First, it is not sufficient to obtain ¢(k*,7*) from the single-channel Schrodinger equation,
but a full coupled-channel equation system needs to be solved. For a coupled-channel
system with i = 1,..., M pairs that share the same quantum numbers in question, the
relevant equation system reads

Hisi Hisz - Hismr Hiswum (k7 7) (ki 7)

Hiso Haso o Haom—1 Hoowm (k3 7°) | £ P (k3, 7)

Hv-s1 Hme2 - Humom1 Hmom Pm(ky, 7) Ym(kig, 7)
(2.18)

The diagonal elements #,;_,; consider the potentials of the elastic channels, while the
elements H;_,;, i # j, consider the (strong) potentials describing the inelastic transitions.
Solving this equation system numerically exceeds the current functionality of CATS,
and the complete set of 1;(k*,7*) has to be provided by directly by theory.

The second implication for femtoscopy is best understood by considering the effect of
coupled channels in the context of a classical scattering experiment. As it is sketched in
the left panel of Fig. 2.10, typically a beam of particles of a specific species A hits a target
constituting particles of another species B and hence, the pair in the initial state i = a is
fixed. Only in the final state after the reaction (pink blob), the pair of particles A and
B as well as all pairs coupling to the initial state a are present. As it is depicted in the
right panel of the same figure, in femtoscopy this picture is inverted. In a high-energy
collision, so in the initial state, the whole set of pairs in the coupled channel system is
produced. As they react, they can couple to the particle pair A and B, which is the final
state i = f where the correlation function is measured.
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Figure 2.10.: Schematic representation of the reaction of a coupled-channel system in
scattering experiments (left) and femtoscopy (right). See text for details.

In order to account for this, Eq. 2.7 has to be written as [145, 146]
C(k*) = Z/d3r*wi ST | ik T P, 2.19)
i
where the sum runs over all coupled channels i = 1,..., M. The final state f gives the
asymptotic boundary condition to compute ;(k}, 7) — ¢;(k?,7*). The weights w; are
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2. Femtoscopy

taken as the ratio of the product of prompt production yields of particles in the coupled
channel system to the pair observed in the final state w; = N(i1) - N(i2)/N(f1) - N(f2).
Since they are impossible to measure directly, they are estimated by the statistical
hadronization model [145]. As an example the coupled channels of the |S| = 2 and
isospin I = 0, 1 system are shown, which is of particular interest for this work since it
also contains the pZ~ pair. An overview of pairs, pair masses and the difference of the
latter to m,z- is listed in Table 2.2.

Table 2.2.: Pairs of the coupled channel system |S| = 2, I = 0,1, their masses, their
difference in mass relative to pZ~ Amyz and the k* threshold in the PRF of the p-Z~
system to couple to heavier pairs (see explanation below).

Pair | AA nE" pE- AX' 3%

my+my;  (MeV/c?) | 2232 2255 2260 2309 2386

Amyg MeV/c?) | =28 -5 0 49 126

k= (MeV/c) - - - 233 379

From the perspective of the pZ~ system, lighter pairs (AA and nE’) can couple without
kinematic constraints. Since they are rather close to the p=~ threshold, the magnitude
of their contributions to C(k*) has to be discussed further in the context of interpreting
the measurement of the p—E~ correlation function in Section 5. When the heavier pairs
couple to the pE~ system, the mass difference has to be converted into kinetic energy.
Solely assuming energy and momentum conservation yields an estimate of this k*
threshold in the PRF as

Az — (1’Yl1 . T}’lz)z

o= 2 U )n (2.20)
(my —m;y)?
where
1/ 0 vy
A:§<( )P — ik — ) (2.21)

Here my, my, ml1 and m; are the masses of the particles in each pair. The masses of parti-
cles in the lighter pair are without primes, the ones in the heavier pair are with primes.
It should be noted that in reality the coupling is more complex than that and the actual
onset also depends on the nature of the interaction. The value nevertheless serves well as
an estimate for the region where to look for a cusp in the correlation function. Table 2.2
summarizes this for p-E~ pairs, and it can be seen that a cusp in the corresponding cor-
relation function due to coupling to heavier pair would potentially appear in the region
k* >200 MeV /c. Also this will also be investigated in Section 5.
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3. Experiment: ALICE

3.1. CERN LHC

The Large Hadron Collider (LHC) [147] was build between 1998 and 2008 by the
European Organization for Nuclear Research (CERN) beneath the French-Swiss border
near the city of Geneva. The machine accelerates hadrons and keeps two counter
rotating particle beams on a loop with a circumference of 27km. The LHC as well
as the experiments are located around 100 m below earth’s surface in a tunnel, which
was originally built for the Large Electron-Positron Collider (LEP). The particles can
be brought into collision at four interaction points, where all of the major experiments
can be found: A Toroidal LHC Apparatus (ATLAS), A Large Ion Collider Expereiment
(ALICE), Compact Muon Solenoid (CMS) and Large Hadron Collider beauty (LHCb).

As it can be seen from the schematic representation in Fig. 3.1, the LHC is the last
stage of the CERN accelerator complex. For protons the injection process starts from a
bottle of hydrogen, and after ionizing the atoms they are accelerated in bunches by the
linear accelerator 2 (LINAC2) to 50 MeV. The protons are transferred into the Proton
Synchrotron Booster (PSB), where they stay until they reach energies of 1.4 GeV. From
there they are sent to the Proton Synchrotron (PS), where they are accelerated to 25GeV,
and the Super Proton Synchrotron (SPS), where they are accelerated to 450 GeV, before
being transferred over to the LHC, where they are accelerated to the nominal collision
energy. For Pb ions the injection chain is slightly different. The atoms vaporize off a
heated piece of pure Pb and are ionized by an electron beam. The bunches are then
accelerated by the linear accelerator 3 (LINAC 3) to 4.5MeV per nucleon and are further
ionized. In the next step, the low Energy Ion Ring (LEIR) increases their energy to
72 MeV per nucleon, which is followed by an acceleration in the PS, where the ions reach
energies of 5.9 GeV per nucleon and have the last of their electrons stripped away. The
last stage before they are injected into the LHC, is the SPS, which accelerates the beams
to 177 GeV per nucleon.

Up to now, the top energy of a proton beam is 6.5TeV and a Pb beam 2.56 TeV per
nucleon. During Run2 (2015 to 2018) the collider provided collisions of different
particles and energies. The data from proton-proton (pp) collisions at a center of mass
energy /s = 13 TeV in 2016, 2017 and 2018 and the data from proton-Lead (p-Pb)
collisions at a center of mass energy per nucleon /sy = 5.02 TeV in 2016 [149] is
particularly relevant for this work.
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Figure 3.1.: Schematic overview of the accelerators at CERN and their interconnections
and links to some of the experiments [148].

3.2. A Large Ion Collider Experiment (ALICE)

The ALICE detector system [150] is located at Interaction Point 2 (P2) of the LHC
in France close to the city of Saint-Genis-Pouilly. The spectrometer was designed
with the primary aim to explore the properties of the Quark-Gluon Plasma created in
ultra-relativistic heavy-ion reactions. The detector was optimized to provide sufficient
granularity to track each individual charged particle also in the presence of high track
densities and at the same time reconstruct and identify these particles down to momenta
p as low as 150 MeV /c. The whole detector system is schematically depicted in Fig. 3.2
and has dimensions of 16 x 16 x 26 m® and a weight of ~10000t. The solenoid magnet,
inherited from the L3 experiment, provides a magnetic field B = 0.5T and houses all of
the so-called central barrel detectors. This part of the experiment mainly aims to measure
hadrons, electrons and photons. Additionally, in the forward part, a spectrometer is
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Figure 3.2.: Schematic overview of the ALICE spectrometer and the sub detectors [152].
The inlet magnifies the components directly surrounding the nominal interaction point.
The three arrows in the top left corner indicate the reference axes of the ALICE coordinate
system.

setup dedicated to measure muons.

The beams collide in the center of the spectrometer around the nominal interaction
point corresponding to the origin of the reference system. Within ALICE the coordinates
are defined in a right-handed Cartesian coordinate system in laboratory frame [151],
depicted by the black arrows in the top left corner of Fig. 3.2. The z axis is oriented
parallel to the beam axis with the ATLAS experiment being located in positive z direction
(A side) and the muon arm of ALICE and the CMS experiment being located in negative
z direction (C side). In the perpendicular transverse plane, the horizontal x axis points
towards the center of the LHC and the y axis points upwards towards the surface.
Additional variables are the azimuthal angle ¢ in the xy plane, increasing counter-
clockwise from x to ¥ (¢x>0y=0 = 0 — @x=0y>0 = 71/2), and the polar angle 6 defined
as the angle relative to the z axis increasing from z to —z (6, y=0,250 = 0 — 6y y=0,:<0 = 7).
The pseudorapitiy 7 is derived as 7 = —In [tan (§)].

The central barrel contains the Inner Tracking System (ITS), the Time Projection Cham-
ber (TPC), the Transition Radiation Detector (TRD), the Time of Flight (TOF) system,
the High-Momentum Particle Identification Detector (HMPID) and electromagnetic
calorimeters (EMCal and PHOS). Additionally, several smaller detectors are placed
close to the beam pipe, for example the TO or VO detectors. The subsystems that are
particularly relevant for this work are explained in the following sections.
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3.2.1. Inner Tracking System (ITS)

The ITS is the subsystem located closest to the interaction point. It provides precise
tracking information, which is crucial for the determination of the collision point,
the primary vertex (PV), from which all particles produced in the collision originate.
Furthermore, the ITS is able to resolve any offset from this PV, if the particles originate
from weak decays of hyperons, D- or B-mesons. Figure 3.3 shows a detailed schematic
representation of the ITS. The particle beam is surrounded by the beam pipe, a 800 um
thick Beryllium cylinder with a diameter of 6 cm. It limits the minimum radial distance
r of the first detection layer from the nominal interaction point in the transverse plane
to 3.9 cm. The outer most layer is located at a radius of 43 cm, to help the matching of
tracking information to the TPC. In total, the ITS consists of six layers and uses three
different technologies, optimized to provide a high tracking efficiency and resolution.
In order to maintain the tracking capabilities of low momentum particles, multiple
scattering had to be limited by keeping the material budget of the whole ITS as low as
7.2% of one radiation length Xy at # = 0. The outer four layers are equipped with an
analogous readout to measure the amplitude of the signal and hence the energy loss of
the traversing particle. The ITS covers the full 27t range of ¢ and up to || < 1.98.

The two innermost layers consist of Silicon Pixel Detectors (SPD) and are located at radial
coordinates of r = 3.9cm and 7.6 cm [150]. Specifically the first layer was designed
to cope with a charged-particle density of 50 tracks per cm?. This requires a high
granularity on the detection layer, which is achieved by using pixels with a size of 50 um
along r¢ and of 425 um along z, and a thickness of roughly 400 pm. Each individual
module measures 12.6 x 69.8 mm? and the detector has a spacial resolution of 12 pm
along r¢ and of 100 pm along z. After being triggered, the readout integrates the signals
over approximately 300 ns [153], which corresponds to 12 bunch crossings of the LHC,
and operates without a dead time because of the multi-event buffer [154].

The third and the fourth layer consist of Silicon Drift Detectors (SDD) and are located
at a radial distance r = 15.0cm and 23.9 cm [150]. Here, a maximum charged-particle
density of around 7 tracks per cm? [150] was expected. The active area of each module
measures 70.17mm along r¢ and 75.26 mm along z. In the direction of r¢ the active
area is split into two drift regions by a central cathode strip and the readout is located
at the anode on either side. Since a potential difference is applied between the two,
an electric field is present, which separates the charges created by traversing particles.
The difference between the LHC clock and the arrival time of electrons at the anode
strips provides the position along r¢, while the position of the centroid of the charge
distribution along the anodes provides the z position. The detector achieves a resolution
along r¢ of less than 35 um and along z of 25 um. The integration time of the signal is
6.3 ps (240 LHC bunch crossings [153]) due to the drift velocity of the electrons and after
the readout is triggered, the detector has a total dead time of 1024 ps [154].

The two outermost layers use Silicon Strip Detectors (SSD) and are located at r = 38.0 cm
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Figure 3.3.: Schematic depiction of the ITS, composed in total of six layers and three sub
systems, the SPD, SDD and SSD [155].

and 43.0cm [150]. Individual strips are spaced by a pitch of 95pm and are aligned
parallel to the z axis. The strip itself gives the position along r¢, the delay relative to the
LHC clock provides the z position. Because of charge sharing among several strips, a
spatial resolution along r¢ of 20 um and along z of 820 pm is achieved. The integration
time is around 1 ps (40 LHC bunch crossings) [153] and after the readout is triggered,
the detector has a dead time of around 250 ps [154].

3.2.2. Time Projection Chamber (TPC)

The TPC is the main device used for tracking and identification of charged particles.
It consists of a cylindrical barrel with an inner radius of 85cm and an outer radius
of about 250 cm and about 500 cm of length with the nominal interaction point at its
center [156]. The volume of 90m? is filled with a counting gas, either a mixture of
Ne-CO; (90/10), Ne-CO»-N» (90/10/5) or Ar-CO, (90/10). As depicted in Fig. 3.4, the
central cathode divides the cylinder in two halves. An electric potential difference of
AU~100kV, applied between the central membrane and the two end plates, creates
an electric drift field parallel to the beam axis. The detector is located within a field
cage in order to keep this drift field homogeneous and shield it from distortions [156].
Since there are further subsystems in the outward direction of ALICE, special attention
was put on keeping the material budget of the TPC small, which amounts near 7 = 0
only to 4.2% of Xy. The working principle is based on ionization of the counting gas
by the traversing charged particles. Electrons and ions are separated by the electric
field and the positively charged ions drift towards the central membrane, where they
get neutralized, while electrons drift towards the end plates. The number of e~, that
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Figure 3.4.: Schematic view of the TPC barrel [156]. The gas volume is divided by the
central cathode and the endplates are divided into 18 sectors on each side, which are
equipped with a total of 36 readout chambers.

an incoming minimum ionizing particle (MIP) yields per cm, depends mainly on the
effective ionization potential of the gas mixture. For example, in Ar-CO, (90/10) a MIP
frees around 75 e~ per cm in the gas, in Ne-CO, (90/10) only 37 e~ per cm!. These
charges have to be amplified by Multi Wire Proportional Chambers (MWPCs) such
that a detectable signal is induced on the readout. The end plates are segmented into
18 sectors, each covering an azimuthal angular area of 20°. Every sector is mounted
with one inner and one outer readout chamber and the signal from the amplification
is induced in their pad plane. The latter is subdivided into rows perpendicular to the
radial direction and contains a total of 159 rows per sector. There are pads with three
different sizes of 4 x 7.5mm?, 6 x 10mm? and 6 x 15mm? and the smallest pads can
be found in the rows closest to the beam, since in this region the track density is the
largest. The complete readout comprises a total of 557568 pads. Consequently, the
electrons created along the track of the particle form a two-dimensional projection of
the track on the readout plane. The third dimension can be obtained from the drift
velocity and arrival times of the electrons at the pad plane. The amplitude of the signal
is proportional to the specific ionization energy loss dE/dx of the particle over the
length of the individual pad. As it will be discussed in Section 3.5.2, the average of this
measurement over many pads provides the information to identify the species of the
traversing particle. The best resolution for a track is obtained when all 159 rows are
crossed, which is the case for tracks within || < 0.9. Particles in the pseudorapidity

IThese values include the primary ionization of MIP itself, but also secondary ionization produced by
the primary ionization.
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range of || < 1.5 can also be tracked, however, at a reduced resolution. Except for the
gaps and insensitive detector area of 27 mm between the readout chambers, the detector
covers the full 277 range in ¢. The spatial resolution, investigated with cosmic rays [156],
is overall better than 1100 pm in r¢ and better than 1250 um along z. The maximum
drift time for charge depositions close to the central membrane is around 100 ps (4000
LHC bunch crossings [153]), which defines the integration time of the detector. In the
setup described above, a fraction of the ions created by the amplification of electrons by
the MWPC close to the readout would drift back to the central cathode and this way
distortions of the drift field can emerge. Therefore, a gating grid is installed above the
amplification stage that is closed after 100 us with respect to the trigger to neutralize the
charges. The maximum readout rate of the system is hence limited to O(1kHz).

3.2.3. Time of Flight (TOF) System

The TOF measures the arrival time of particles by using Multi-gap Resistive Plate
Chambers (MRPCs). The detector modules are strips with a size of 122 x 13 cm? and are
placed such that their long side is oriented perpendicular to the radial beam direction.
Together with the readout electronics they occupy a volume with a cylindrical shape
at a radial distance between 370 to 399 cm from the nominal interaction point. The
active area of the modules has a size of 120 x 7.4 cm? and consists of 10 gaps that are
filled with a counting gas. In direction of the long side they are segmented into two
rows equipped with 48 readout pads with a size of 2.5 x 3.5cm?. The whole detector
comprises of 1593 strips and has a total of 157248 channels. A large and homogeneous
electric field over the gaseous volume creates an avalanche from any ionization produced
by a traversing charged particle. Since the charge can only move in each gap, there
is almost no drift time and the charge is immediately collected at the readout. The
integration time of the TOF is around 500ns, which corresponds to 20 LHC bunch
crossings [153]. The arrival time for each particle is measured relative to the event
time to,. Preferably, the latter is provided by the TO detector comprising of two quartz
Cerenkov counters at forward rapidities at each side of the interaction point. The total
timing resolution oo is a convolution of the TOF timing resolution cror and event
timing resolution vey according to 0%, = 025 + 04, The TOF system has an intrinsic
timing resolution of around oror ~ 80ps [150, 157], which was improved in 2017 to
oror = 56 ps by applying an improved calibration method [158]. In case te, is measured
by the TO detector, oy is negligible compared to ororp. Especially in pp collisions, where
the multiplicities are small, the limited acceptance of the TO leads to events without a
measurement of te,. As outlined in [157], the event time can then be estimated from
the TOF measurement itself, if at least three tracks are matched to a signal in the TOF
and in which case the timing resolution e, depends on the number of tracks with a
matched signal. For events with 3 matched tracks a timing resolution of oey = 120 ps is
reached, whereas for events with 25 matched tracks the timing resolution becomes as
low as ooy = 25 ps and the intrinsic uncertainty of the TOF detector characterizes ort.
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For all other cases the time stamp of the LHC bunch crossing is used, which results in
a much worse timing resolution between o, ~ 80-200 ps depending on the size of the
bunches in the LHC [158].

3.2.4. V0 System

The V0 system uses rings of scintillators located at opposite sites of the interaction point
within the central barrel. Side C covers the range of —3.7 < 7 < —1.7 and is placed? at
z = —0.88m, side A covers the range of 2.8 < 7 < 5.1 and is placed at z = 3.29 m. Both
sides are segmented into four concentric rings, each ring subdivided into eight tiles of
equal azimuthal width. The scintillator emits light in the visible range when excited by
charged particles. The light is then guided by optical fibers to photo-multiplier tubes
(PMTs), where light is converted into an electrical signal by the photoelectric effect,
which is amplified and read out. The produced light and the resulting signal are directly
proportional to the number of charged particles hitting the tile. The time resolution
of both counters is better than 1ns [154]. This is faster than the time between bunch
crossings and than the integration time of most detectors. For the previous reasons,
most of the trigger decisions are based on a signal in either one or both VO arrays.
Since the charged-particle production at forward and mid rapidity is correlated, and the
amplitude of the VO is proportional to the amount of incoming charged particles, the
signal can be further used to select collisions with specific properties, e.g., pp collisions
with high multiplicities or head-on Pb-Pb collisions. Additionally, on the analysis level
the precise timing information of the signals is used to distinguish collisions of the two
nominal bunches from out of bunch collisions for example with residual gas in the beam

pipe.

3.3. Software Packages

During the operation of the experiment the raw data is collected until the end of one fill,
lasting up to 12 h in case of pp collisions. Afterwards the data is compressed and shipped
to the permanent storage and is further processed as computing resources become
available. For the data handling and processing, the software package AliIROOT [159,
160] was developed. It is based on the ROOT [161] framework. AIiROOT is responsible
for the reconstruction, calibration, alignment and visualization of the data as well as
handling simulations. It also provides a container, the Event Summary Data (ESD), to
store the complete information related to each event. A further filtering retains only the
part of information necessary for most analyses, which is stored in a second container,
the so called Analysis Object Data (AOD). In the context of this work and for the analysis
of two-particle correlation functions, the data was further filtered into an even more
reduced version, the so called nanoAOD container. These nanoAODs are provided as

2The position is constrained by the absorber in front of the muon arm of ALICE.
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input to the actual analysis in the AliPhysics [162] framework, where the functionality
for this work was implemented as part of the FemtoDream classes.

3.4. Event Reconstruction

The details of the reconstruction of the collision vertex and the trajectories can be found
in chapter 6 of [154] and here only a short overview is given. Within ALICE, the V0 and
SPD detectors have the fastest response after being hit by particles. They are used either
separately or in combination to trigger other, associated detectors to read and record
their data. All the data related to one trigger signal is then called an event®. The signals
of each detector are summarized in clusters, to store information like the global position
of signals within the detector system, timing information of signals or, if available, the
amplitude of the signals. For each event the reconstruction starts from this raw data by
estimating the position of the PV as the center point of all SPD tracklets, which are lines
defined by the positions of two clusters on individual SPD layers. Track finding and
titting is then performed in three steps that follow an inward-outward-inward scheme.
The first iteration begins by finding so-called TPC-only tracks starting from seeds of
several clusters at the outermost boundary of the TPC that point towards the PV. The
amplitude of clusters along the track is used to estimate the specific energy loss (dE/dx).
To find so-called global tracks, the TPC-only tracks are propagated towards the ITS and
if possible, matched with a cluster in each of the six layers*. The distance between the
last found cluster of a trajectory and the PV is extrapolated until the distance to the PV
is minimized. The second iteration uses the clusters associated with tracks found in
the previous iteration and refits them in the outward direction. They are matched to
clusters in the outward detectors, like TRD and TOF, and the integrated track length
and time-of-flight are calculated. The final iteration refits all previously found clusters
inwards. At this point the inverse curvature of the track is determined to measure the
momentum, which is corrected for energy losses due to elastic scattering in the detector
material. The location of the PV is determined again, separately from TPC-only and
global tracks.

Inactive sectors in the SPD due to cooling problems introduce dead zones and limit
the acceptance of global tracks, while the TPC standalone offers almost full acceptance.
Some analyses require a uniform acceptance or suffer from the reduced efficiency, as
it is the case for the measurement of the two-particle correlation function. TPC-only
tracks have to be extrapolated through the gap between the nominal interaction point
and the TPC and, compared to global tracks, have a significantly worse tracking, vertex

3The readout times of some detectors like the TPC are much longer than that of others like the EMCal.
In order to also record data during dead times of slower detectors, while the faster ones are ready to take
data, they can trigger themselves or be triggered to take data standalone or in combination with other
detectors (e.g. SPD + EMCal).

4Standalone ITS tracks are built from clusters in the ITS that are unused at this point and in principle
could be used to track particles with transverse momenta as low as 80 MeV /c.
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Figure 3.5.: Overview of the PID capabilities of the ALICE detectors at different momenta.
The solid lines depict regions where particles can be individually identified [164].

and momentum resolution. This disadvantage can be mitigated by using the PV of the
ITS tracklets as an additional constraint in the reconstruction of the TPC-only tracks. It
was shown that the momentum resolution up to 10GeV/c is similar to that of global
tracks [154]. The resolution on the measurement of the transverse momentum pr for
protons, pions and kaons varies and is around 2% for particles with pt = 10GeV/c and
decreases below 1% for pr < 1GeV/c.

For each track the so-called distance of closest approach (DCA) to the PV is obtained in
the transverse plane DCA,, and along the beam axis DCA;. The resolution of global
tracks is opca < 0.5 mm. Correspondingly, a particle is defined as primary if it is either
created in the collision or results from the decay of a short-lived particle with a mean
proper lifetimes 7 less than 1cm/c [163]. Some longer-lived, typically neutral particles
like A or K, but also charged ones like £~ are still invisible to the detector. Their lifetime
is too short to traverse or even reach the detector and they have to be reconstructed
from the tracks of their charged decay products. Such particles are reconstructed by
applying topological selection criteria as it will be discussed in Section 3.5.4. These are
obtained in the last step of the reconstruction. Neutral decay candidates, so-called Vs,
are built by pairing tracks of opposite charge. Moreover, cascade candidates are formed
by combining V° candidates with an additional charged track, the so-called bachelor.

3.5. Particle Identification (PID)

One of the outstanding features of the ALICE detector is its unique ability to identify
particles over a large momentum range. This is achieved by combining the PID capabili-
ties of several sub-detectors. Figure 3.5 gives an overview of the different detectors and
particles that can be identified. Several charged hadrons, for example, can be identified
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on a track-by-track basis within the full acceptance of the central barrel by using ITS,
TPC and TOF. At low momenta, individual tracks of (i) 7z, (ii) K* and (iii) (anti)protons
can be identified by the ITS® up to a pr of approximately (i) 0.2GeV/c, (ii) 0.4 GeV/c
and (iii) 0.7GeV/c. At intermediate momenta, the TPC provides the necessary PID
information to identify tracks up to a pr of approximately (i) 0.8 GeV/c, (ii) 0.5GeV/c
and (iii) 1.1 GeV/c. It should be noted that with the TPC and within these ranges it is
impossible to avoid a contamination by e in the selection of KT at pr ~ 0.5GeV/c and
in the selection of (anti)protons at pt ~ 1.0GeV/c. At large momenta, the PID on a
track-by-track basis is ensured by the TOF, up to a pr of approximately (i) 0.7 GeV/c,
(ii) 2.0GeV/c and (iii) 3.5GeV/c. Additionally, there is the HMPID with a limited
geometrical and kinematic (pr 2 1.0 GeV/c) acceptance, which is able to distinguish
K* and 7+ up to pr ~ 3GeV/c and (anti)protons and K* up to pr ~ 5GeV/c. Some
measurements rely on the identification of e*, but the PID of ITS or TOF is hampered
by the fact that they have a similar signature as 77+ at most momenta. Also, their identi-
fication in the TPC suffers from a contamination by (anti)protons and K*, as discussed
before. Therefore, with the TRD exists a dedicated detector, in order to distinguish them
from hadrons up to momenta of several GeV/c. Finally, unstable particles or photon
conversions are identified, in this case via their decay products. In the following, the
concepts relevant for this work and their implementation on analysis level are discussed.

3.5.1. Time of Flight

The relativistic momentum is defined as
1

p=mopy = moﬁ\/ﬁ,

where the three variables are the momentum p, the velocity B and the rest mass my. In the
most straightforward way B = As/At can be measured by the combination of tracking
information and timing measurement in the TOF. Consequently the only unknown in
Eq. 3.1 is mg. An example for the distribution of B as a function of momentum at the
inner side of the TPC, ptpc, measured from all particles produced in p—Pb collisions at
Vsnn = 5.02 TeV with ALICE is shown in Fig. 3.6. The different bands correspond
to the masses of e*, %, K¥, pi, d and d, as indicated in the plot. The TOF timing
resolution, which was discussed in Section 3.2.3, leads to the finite width of the bands.
The overall background is a result of mismatches between tracks and timing signals. This
effect increases with larger particle multiplicities and is most pronounced for particles
with low momentum, because of multiple scattering effects in the material of the TRD.
For this reason, it is desirable to use the TOF information only when the PID capabilities
of other detectors, especially in the lower momentum region, are not sufficient. As it
was discussed at the beginning of this section, it can be seen from the same plot that,
as the momentum increases, the track-by-track identification of the different particle
species deteriorates, since the different bands begin to merge.

(3.1)

5This, however, requires global tracks, which are not used by all analyses
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Figure 3.6.: Distribution of the TOF B as a function of the TPC momentum in p-Pb
collisions [165].

3.5.2. Specific Energy Loss

As the particles pass through the detector material, they continuously undergo inelastic
collisions. Their typical specific energy loss per unit path length, dE/dx, is of the order
of a few keV per traveled centimeter. Thereby, the particles excite and ionize the detector
material. The resulting charge depositions in the active material of many detectors are
the basis for the signals that are read out and subsequently used to reconstruct their
corresponding trajectory. This process can be further exploited to identify the traversing
particle, since dE/dx is strongly influenced by the velocity By of the projectile. In
a thick gaseous medium, like the counting gas of the TPC, the average energy loss
is described by the Bethe-Bloch Equation [166-168] and is calculated as function of
B, charge of the projectile and several constants, which are all related to the detector
material. As previously discussed, a combined measurement of g and of the momentum
determines m via the relation given in Eq. 3.1. The charge depositions along the particle
trajectories in the TPC gas are amplified by MWPCs, by which a current is induced on
the readout plane. The resulting charge Q is proportional to the initial dE/dx, but it can
be distributed over several pads. It is reconstructed over the length of each readout row,
by clustering the signals in neighboring pads. Hence, a maximum of 159 measurements
are available, if the trajectory crosses all readout rows. At this point, it is important
to note that the tails of the distribution of individual dE/dx values extend towards
infinity [168]. The estimation of the mean of such a variable is significantly biased by
few measurements at large values. Instead of the mean (dE/dx), the most probable
value (dE/ dx)m.p, is obtained via a truncation method. For each single trajectory, the
largest charge deposition Qmax is evaluated and a fixed fraction of this value is used
to define a threshold, according to which clusters with Q > Qmax are discarded. The
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most probable value is then estimated from the remaining clusters [168]. In Fig. 3.7, the
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Figure 3.7.: Distribution of the TPC (dE/ dx)m_p‘ as a function of the TPC momentum
measured from particles produced in pp collisions at /s = 13 TeV [2].

ALICE TPC (dE/dx)mp. distribution is shown, as a function of the momentum at the
inner side of the TPC. It is measured from particles that were produced in pp collisions
at /s = 13 TeV. Clear bands emerge around the expectation values for the different
particle species depicted by the black curves. The latter are obtained by a fit of the
ALEPH parameterization of the Bethe-Bloch formula [154]°. The spread of the measured
values results from the statistical nature of the dE/dx measurement in each pad row
as well as from the intrinsic detector resolution. In both, the measured distribution
and parameterized values of dE/dx, a minimum appears for the different particles
at momenta that are equivalent to fy~3-4, which is the velocity, where particles are
considered to be MIPs. At larger values of By the energy loss begins to increase and
follows the so-called relativistic rise. The same figure clarifies the kinematic ranges that
were reported at the beginning of this section, to identify different hadrons and electrons
with the TPC?. As it can be seen from Fig. 3.7, within these ranges, the measured
values of dE/dx can be unanimously associated with the individual particle species and
are free from any contamination. The TPC information is insufficient, when different
bands overlap, as is the case for example for K* and e* at p ~ 500-600MeV/c. At
larger momenta, the dE/dx measurement of the TPC is insufficient for a track-by-track
identification and the particle species of a trajectory can be evaluated on a probabilistic

A description of the fit procedure and a detailed description of the corrections can be found in [169].

"The data, which was used to produce Fig. 3.7, was recorded with a lower magnetic field of B = 0.2T.
This way, tracks with momenta smaller than 150 MeV /¢, which usually curl up before they reach the TPC,
can then also be reconstructed and it is possible to appreciate the dE/dx measurement in the TPC also at
these momenta.

51



3. Experiment: ALICE

basis, e.g., by fitting the spectrum in small momentum ranges by the convolution of
Gaussian distributions.

3.5.3. Particle Identification via no Values

The PID capabilities of TPC and TOF are designed to supplement each other and will
be used in this analysis to identify the candidates. A large fraction of particles are
produced in a momentum range where the (dE/dx) m.p. i able to distinguish between
the different species. At larger momenta, the PID capabilities are preserved by the
additional evaluation of the TOF B. In principle, trajectories of a specific species can
be identified by graphically defining a selection region around the expectation value
of both observables. This "manual" approach, however, fails to take into account the
momentum dependence of the PID resolution in a straightforward way. Therefore, the
TPC (dE/dx)mp. and the TOF B is first analyzed individually within narrow momentum
intervals. The left panel of Fig. 3.8 depicts one exemplary projection of the (dE/dx)m.p.
distribution measured by the TPC from tracks of particles produced in Pb—Pb collisions
at /sy = 2.76 TeV with 0.73 < p < 0.75GeV/c. The distribution is a convolution of
individual contributions by n*, KF, e, protons and anti-protons. For this momentum
range, the contributions of d, d and heavier nuclei are well separated and outside of
the range shown here. Each contribution can be approximated by a Gaussian [154] or
generalized Gaussian [170] function, where the parameterization of dE/dx is used to
fix the mean values of the respective contributions. Their sum is then used to fit the
total experimental distribution and for each particle i the width ¢; is obtained, which
corresponds to the PID resolution in this momentum interval. This procedure is applied
separately to the spectrum of TPC and TOF in momentum intervals covering the whole
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Figure 3.8.: Both plots were obtained from trajectories of particles in Pb—Pb collisions
at /snsw = 276 TeV [165]. (left) Fit of the TPC dE/dx in a narrow momentum
interval using generalized Gaussian functions. (right) Two-dimensional distribution of
the dE/dx measurement in the TPC and the f measurement by the TOF relative to the
7+ hypothesis for one pr interval.
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kinematic range of ALICE. At this point, the difference, between the (dE/dx) or B of
each individual track and the expectation value of each particle hypothesis i, can be
expressed in terms of numbers of standard deviations n,,. An advantage of this method
is that candidates can conveniently be selected by a constant criterion, while the actual
value o; varies as a function of p.

A straightforward way to combine the PID of TPC and TOF becomes clear by looking
at the right panel of Fig. 3.8. For particles that were produced in Pb-Pb collisions at
VSNN = 2.76 TeV and that have a momentum 2.5 < pp < 3.0GeV/c, it shows the
two dimensional distribution dE/dx measured by the TPC (x-axis) and t measured
by TOF (y-axis). Both are expressed as the difference to the expectation value of 7+
hypothesis. In this momentum range, the (dE/dx) of the different particle species in the
TPC is too similar to distinguish for example protons and K, but by including the TOF
measurement in the analysis a two-dimensional selection can distinguish the particles.
On the level of the analysis, for each trajectory the difference to the corresponding
particle hypothesis is expressed in terms of ny,.,. and 7y, and candidates can be
selected by a combined PID, by evaluating 1, ... s

2 2 1/2
no—i,combir\ed = <n(7i,TPC + nUi,TOF) . (3.2)

3.5.4. Invariant Mass and Identification of Decays

The most abundantly produced particles in reactions at the LHC live long enough to
be directly reconstructed and identified. Most particles that are known, however, are
unstable and have to be reconstructed from their decay products as briefly noted in
Section 3.4. The terminology used in the following tags the particle in the initial state
as parent, and the particles in the final state as children. Examples representative for
the following discussion and work are ¢ — K™ + K™, K8 — nt + 77, A = p+ 7~
or &= — A+ m . In cases like the E~ the A itself needs to be reconstructed from
its decay products. Usually, a particle can decay via multiple channels that are each
associated with different branching ratios. The full kinematic information of the parent
can only be reconstructed via channels, where all children are detectable. Properties like
the masses and lifetimes of the parent and children are usually known from previous
measurements.

In the following paragraph, only the two-body decay is considered, but it is straight-
forward to extend this to decays into three or more particles. Because of momentum
conservation, the momentum of the parent pparent is given by the sum of the child
momenta, Pparent = P1 + P2. Energy conservation requires that the energy before and
after the decay are the same, which implies Efment = (E1 + E»)?, where the energy for a
particle is defined as E? = p2c* + m%{ic‘}. Consequently, this can be solved for the only
unknown, which is the invariant mass mass #parent- The signal of correctly identified
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decays then scatters around the mass of the parent in an interval determined by its
lifetime and the detector’s momentum resolution. Unfortunately, the candidates that are
formed for the experimental search of the parents include combinations of particles from
the decay of other particles as well as random combinations with uncorrelated particles.
Typically, the signal is overlaid by a background and before applying a selection on the
invariant mass, all available criteria related to the topology and the properties of the
children should be evaluated.

The decay of a K2 to a 7+ and 71~ as well as that of a 2~ to a 7~ and a A, which
subsequently decays into a protons and a 71—, is schematically depicted in Fig. 3.9 and
should aid the following discussion. The reconstruction and selection of candidates
usually starts from the trajectory of children, which are stable long enough to traverse
the detector. Naturally, the PID of TPC and TOF can be employed to pick combinations
of the correct species. The children are produced at the point where the decay occurs and
their trajectories point in principle to this secondary vertex and not the PV. The offset
of the point of production, however, depends on the lifetime and momentum of the
parent. Owing to the finite tracking resolution this can only be resolved for longer-lived
decays like the Kg (ct~2.7cm [2]) or the A (ct~7.9 cm [2]) and not short lived ones like

g | |

pei s N o | DGR ITS, ITS, ITS,

Figure 3.9.: Schematic representation of the reconstruction principle of secondary ver-
tices. The two examples are based on the decays of a K and a Z~. The decay points
were placed arbitrarily between the first two ITS layers without any attention to scale.
The actual trajectory of the charged children are represented by solid lines. The dashed
lines represents the extrapolation of the trajectories to the primary vertex as well as
several auxiliary vectors [154].
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the ¢ (ct~46 fm [2]). Consequently, the selection of candidates from long-(short-) lived
decays can be enhanced by requiring their trajectories to have a minimum (maximum)
DCA to the PV. When identifying longer-lived decays, the spatial coordinates of the
secondary vertex are estimated by the point that minimizes the distance to both the
trajectories, taking into account the uncertainty related to the track reconstruction. The
children are produced at the same point and the DCA between their two trajectories
and to the secondary vertex has to be of the order of the tracking resolution. The
offset of the secondary vertex from the PV itself is given by the lifetime of the parent.
The parent’s trajectory can be assumed to be a straight line connecting the PV and
the secondary vertex. If the parent is a primary particle, it should align parallel to its
momentum. For parents which are secondaries and themselves originate from a decay
or for combinatorial background any orientation is possible. In case of a cascade decay
like the &, the identification via the invariant mass and topology is also applied to the
child. A candidate is then formed by the combination with an additional trajectory, the
called bachelor track, following the above steps if applicable.

The ranges where candidates are selected need to be tuned carefully in order to keep
a high efficiency in the reconstruction of the signal while discarding as much of the
background as possible. Therefore, one usually relies on the help of simulations, since
the details depend on the detector and the specific particle that should be identified.

3.6. Candidate Selection

To measure two-particle correlation functions, a data set has to be picked, then a sample
of events has to be selected and, at last, the particles of interest have to be identified and
paired. The criteria that will be discussed in the following can generally be grouped
into two classes: the ones that ensure a high reconstruction quality of the event or the
candidate and the ones that are used to select individually protons, A, E~ and their
respective antiparticles from the pool of all candidates.

3.6.1. Data Sample

During the Run 2 campaign, the LHC provided beams of different particle species. In
order to choose a data set for this work, several factors had to be considered. The
number of particle pairs that can be found within the detector acceptance, determines
the statistical significance of the measurement. Collision systems with large particle
multiplicities d N, /dy are preferred, not only because of combinatorics, but also due
to an enhancement of strangeness production at larger multiplicities [171]. The effect
is most pronounced for multi-strange hadrons like, the Z~ and (2~. Another factor is
the size of the system, since sources with small sizes offer the most sensitivity to the
interaction at close distances, as discussed in Section 2.4. Table 3.1 gives an overview of
typical source sizes and multiplicities in the pp, p—Pb and peripheral and central Pb—-Pb
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Table 3.1.: Typical source sizes extracted from one dimensional p—p correlations and
average charged particle multiplicities for pp INEL collisions at /s = 13 TeV [39, 175],
for p—Pb INEL collisions at /s = 5.02 TeV [176, 177] and for peripheral and head-on
Pb-Pb collisions at /s\n = 2.76 TeV [117, 178].

System r* (fm) | (dN/dp)
pp ~1 7
p-Pb ~15 17
Pb-Pb (peripheral) ~2 344
Pb-Pb (head-on) ~4 1448

collisions, where the Pb nuclei overlap partially or fully, respectively. Just considering
the number of pairs, the obvious choice would be the Pb-Pb data set. The source
size, however, is the smallest in pp and p-Pb collisions and is the largest in Pb—Pb
collisions. The significantly larger distance between the emitted particles reduces the
sensitivity to the interaction at very small distances. It is further important to consider
that the system created in heavy-ion collisions is expected to evolve over timescales of
O (fm/c) [172,173]. In turn, collective effects significantly modify the spectra of emitted
particles and result in mass-dependent modulations of the emission source relative to
the orientation of the two nuclei in the lab frame [174]. The latter fluctuates strongly
collision by collisions and it consequently becomes more involved to use the source
parameters extracted from p—p correlations to constrain the emission source of other
baryon pairs. Hence, pp and p—Pb collisions provide a much cleaner environment for a
study of particle interactions, since at least one projectile has a point-like shape and the
distances between the emission points are much smaller than in Pb—Pb.

Minimum bias triggered p—Pb collision

ALICE recorded p-Pb collisions at two energies. At /sy = 8.16 TeV the interac-
tion rates were higher than 100 kHz, and only ~150 x 10° events including the TPC
were recorded. They were discarded for this work because of the small number of
events and the difficulty to distinguish overlapping collisions (pile-up). Collisions at
Vsnn = 5.02 TeV were provided by the LHC at more moderate interaction rates
between 16 kHz to 20 kHz. The SDD has a busy time of 1024 us and thereby limits the
data taking rate to ~1kHz. Since all other detectors have a shorter busy time, the rate
can be enhanced, by continuing to record data without the SDD. Events are tagged as
either CENT if they include the SDD information or FAST if they do not. The former are
reconstructed twice, including and ignoring the SDD information. Accordingly, the
CENT and FAST sample can be combined in a way that they have the same reconstruction
efficiency and resolution and a total of 730 x 10° events are available for the analysis.
Minimum-bias (MB) refers here to the trigger conditions, which were chosen such that
inelastic collisions are recorded as uniformly as possible. A typical example, where
inelastic interactions are not correctly reflected in the recorded data, is, when collision
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occur in a way that the charged particles are produced outside of the acceptance of any
detector. This effect is most prominent at low multiplicities and has to be corrected for,
e.g., in the measurement of cross sections for particle production.

High-multiplicity triggered pp collisions

Even though ~1.7 x 10 minimum bias events were recorded from pp collisions at
V/s = 13 TeV, the average multiplicity of (dNg,/dn)~7 is too low to find enough pairs
of protons and multi-strange baryons to study their interaction via the two-particle
correlation function in a meaningful way. Looking at the events more differential in
terms of multiplicity, it was shown that about 1% of the collisions produced multiplicities
of around (dN,/d#n)~26, which is similar to the values observed in p—Pb or peripheral
Pb-Pb collisions. The ALICE collaboration decided to further investigate these events
and at the beginning of Run 2 introduced a high-multiplicity (HM) trigger that includes
a minimum threshold of the signal of the V0 system on both sides of the interaction
point in the decision. A total of 1.04 x 10° events were collected, with multiplicities that
correspond to the highest 0.17% fraction of the multiplicity distribution of all inelastic
pp collisions which create at least one hit in the SPD or VO (INEL >0).

Monte Carlo data sets

The Pythia [141] (DPMJET [179]) Monte Carlo (MC) generator was used to simulate pp
(p—Pb) collisions. As the simulated particles traverse the material of ALICE, a simulation
chain estimates the magnitude of the charge depositions with GEANT3 [180] and imitates
the resulting detector response. These simulated events are then processed by the same
reconstruction algorithm as events from real collisions [154]. On the analysis level, each
trajectory is associated with a MC particle that carries the full particle information,
for example its species, origin, generated momentum etc. This is used to analyze the
performance of the selection criteria and to investigate the effect of the finite momentum
resolution. It should be noted that final state interaction is in general not accounted
for in MC simulations, the genuine femtoscopic signal is absent and the two-particle
correlation functions hence unity.

3.6.2. Event Selection

Table 3.2 summarizes the criteria to select those events that are then used for the analysis.
The estimation of the spatial coordinates, where the reaction occurred, is discussed
in Section 3.4. The resulting PV is a pivotal anchor point in the reconstruction of the
whole event and is crucial to evaluate several particle selection criteria. To ensure a
good quality and resolution, the coordinates of the PV obtained from at least two ITS
+ TPC tracks are preferred over the ones estimated with at least one ITS tracklets. If
both are available, the difference between the two along the beam axis Az has to be
less than 5mm. Events are discarded when the PV is reconstructed with nothing but
TPC-only tracks. At the interaction point, the bunches in the LHC are well focused in
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the transverse xy plane perpendicular to the beam direction, but are spread along the
beam in the z direction. Consequently, the position of each reaction fluctuates mostly
in z around the nominal interaction point in the center of ALICE. In order to ensure a
uniform acceptance within the geometry of ALICE, the z coordinate of the PV has to lay
+10 cm around the nominal interaction point. Ideally, each event corresponds to single
collisions between two beam particles close to the nominal interaction point. However,
there can be a contamination caused by two classes of background reactions. The first
class consists of out-of-bunch pile-up, which is mainly caused by inelastic reactions of
beam particles with other bunches, residual gases down the beam pipe or the structures
of the LHC. If they occur outside of the detector system, they can be distinguished
by their difference in timing information of the VO and TO detectors on A and C side.
In case it coincides with a proper beam interaction, the event can be identified by the
correlation between the number of SPD clusters and ITS tracklets. Particles originating
from an additional interaction, which happens away from the nominal interaction point,
will nevertheless create signals in the SPD. But since they typically do not point back
to the nominal interaction vertex, the reconstruction will fail in finding corresponding
tracks. The second class, in-bunch pile-up, is caused by multiple reactions in the same
bunch crossing. These events are identified, if the reconstruction algorithm succeeds in
finding a second primary collision vertex [154]. In HM pp collisions at /s = 13 TeV it
was estimated [25] that this way the contamination by in-bunch pile-up is reduced to
be present in a maximum of 1.4% of all selected events. From the point of view of the

Table 3.2.: Event selection criteria.
Quality assurance

Physics selection default

Incomplete DAQ check

z vertex |zvix| < 10cm
Contributors to global track vertex  Ncontrib,track > 1
Contributors to SPD vertex Neontrib,spp > 0

SPD vertex z resolution ospp,z < 0.25cm
Distance between global track and  dyty track—spp < 0.5cm
SPD vertex

pile-up rejection

Multiple vertices AliVEvent: : IsPileUpFromSPD ()

Cluster vs. Tracklets AliEventUtils::
IsSPDClusterVsTrackletBG()

Collision Candidates
Minimum Bias (MB) AliVEvent: :kKINT7
High Multiplicity (HM) AliVEvent: :kHighMultVO
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trigger, collisions that produce large multiplicities and those that overlap share the same
characteristics. The resulting high-multiplicity data set is hence much more affected by
in-bunch pile-up than the MB p-Pb data set.

After applying all selection criteria, 619 x 10°® MB p-Pb events at \/s\y = 5.02 TeV
and 986 x 10° HM pp events at /s = 13 TeV are available to measure the two-particle
correlation functions.

3.6.3. Protons

The criteria applied to select protons and anti-protons are summarized in Table 3.3. They
are adopted from the femtoscopy analysis in pp collisions at /s = 7 TeV [23]. In general,
they have the aim to minimize the contamination by other particles and maximize and
the fraction of primaries. The pr range was limited to values between 0.5GeV/c and
4.05GeV/c. At smaller pr values a significant fraction of protons originates from
spallation reactions of particles with the beam pipe. This contribution, as well as the
one of secondaries from weak decays, are further suppressed by restricting the DCA to
a maximum of 0.1 cm in the xy-plane and 0.2 cm in the z direction. In order to ensure a
good tracking and PID performance, the candidates are selected within |#| < 0.8 and
tracks are required to have more than 80 clusters in the TPC. For the same reason,
the ratio between the number of crossed TPC rows to the number of clusters that can
potentially be found is required to be larger than 0.83, basically limiting the amount of
lost clusters along the trajectory. If clusters are shared with other tracks, the candidates
are rejected to suppress auto-correlations in the measurement of the correlation function.
Both the TPC and the TOF are used for PID. At low momenta, the dE/dx of protons is

Table 3.3.: Proton selection criteria.
Quality assurance

Pseudorapidity 7| < 0.8

Transverse momentum 0.5 < pr <4.05GeV/c
TPC cluster ntpc > 80 (out of 159)
Findable TPC clusters Nerossed / Mindable > 0.83

Tracks with shared TPC clusters rejected

Primary selection
Distance of closest approach xy  |DCA,,| < 0.1cm
Distance of closest approach z |IDCA;| < 0.2cm

PID
prec < 0.75GeV/c |1 PC| < 3

prrc < 0.75GeV/c Ng,combined = \/m <3

59



3. Experiment: ALICE

sufficiently separated from the dE/dx of other particles for an unambiguous track-by-
track identification and only at larger p it is necessary to consider the timing information
of the TOF. The details of the selection based on n, values are discussed in Section 3.5.3.
The pr distribution of all selected candidates is shown in the top left panel of Fig. 3.10.
A sharp drop off can be seen, when the TOF signal is required and the reconstruction
efficiency decreases because of track losses by multiple scattering in the TRD material.
In the following, the distribution is used as a pr weight to evaluate averaged quantities.

Also events and tracks of the MC sample were subjected to the above selection criteria.
The species of the particle is stored as the PDG code [2] and allows one to check for each
track whether or not the PID succeeded in selecting a proton. The purity is calculated
for each pr interval as P = S/ (S+ B), where S is the number of correctly identified
signal candidates, and B the number of those that are background or contamination.
In the top right panel of Fig. 3.10 the purity of protons is shown for pp collisions at
Vs = 13 TeV. In pp (p-Pb) collisions at /s = 13 TeV (,/snn = 5.02 TeV) both protons
and anti-protons are selected with a pr-averaged purity of 99.3% (98.4%). MC generators
are unable to fully describe the pr [181] or (dNy,/dy) [171] dependent yields of particles
in pp and p-Pb collisions. Consequently, the composition of the selected candidates in
terms of their origin is not necessarily representative for real data, if those fractions are
obtained directly from simulations. In order to evaluate the composition of the selected
sample nevertheless, the shapes of the DCA distributions of primary, secondary and
material distributions are obtained from MC simulations. They are used as templates to
fit the measured DCA,,, distribution of the data in 20 pr intervals. The bottom left panel
of Fig. 3.10 shows an example for one such fit in the interval 0.7 < pr < 0.9GeV/c. As
it can be seen, the shapes of the distributions of individual contributions differs, which
illustrates the sensitivity of this observable to the origin of the particle. The template
of primary particles steeply peaks at 0 and its width is only a result of the detector
resolution. The template of secondary contributions is much wider, which is caused
by the finite lifetime of the parent. At last, the one of material contributions is almost
flat. After the fit, the results are evaluated within [DCA,,| < 0.1cm to estimate the
pr dependent composition of the selected sample. The result is shown for protons in
the bottom right panel in the same figure and is found to be consistent with that of
anti-protons. Only a weak pr dependence is observed and the values are averaged
taking into account the weight of each pt bins. For pp (p-Pb) collisions at /s = 13 TeV
(v/snn = 5.02 TeV) the sample is found to consist of 82% (86%) primary protons
and a negligible amount of protons from material interactions. The remaining protons
originate from weak decays of either a A or a £. Their templates are too similar to fit
them separately, therefore only the sum of secondaries can be fit. A direct look at the
candidates in the MC in both pp and p—-Pb event generators reveals that about 70% of
the secondary protons originate from the decay of a A, while 30% originate from the
decay of a £7. These values are found to be rather consistent with the production ratios
of the two particles in Z-boson decays [182, 183]. In the following it is assumed that
by applying the above selection to the data sets recorded from pp (p-Pb) collisions at
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Figure 3.10.: (Top left) pr distribution and (top right) purity of the proton sample.
(Bottom left) Exemplary fit of of the DCA,, distribution in one pr interval with MC
generated templates. (Bottom right) Decomposition of the proton sample over the whole
pr range. Results are shown for the analysis of HM pp collisions at /s = 13 TeV and
can be found in App. B.1 for p-Pb collisions at \/syny = 5.02 TeV.

Vs = 13 TeV (y/snn = 5.02 TeV), about 13% (10%) of the protons from secondary
contributions stem from the decay of a A, about 5% (4%) from the decay of a = .
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3.6.4. A Hyperons

The neutral A (A) is unstable, with a lifetime ct~7.9cm and decays weakly with a
branching ratio (BR) of 63.9% to A — prt~ (A — prtt) [2]. As outlined in Section
3.5.4, the VY is reconstructed from the trajectories of its children. Its lifetime is long
enough to utilize several geometrical properties of the decay. Table 3.4 provides an
overview over the selection criteria that are discussed for the A in the following. By
switching the particle hypothesis for the children, they are also applicable to identify
the A. Originally they were tuned via a MC-based study for the analysis of pp collisions
at /s = 7 TeV [23, 107].

Table 3.4.: A selection criteria.
Child track selection criteria

Pseudorapidity ln| < 0.8

TPC cluster nypc > 70

Distance of closest approach to PV DCAyy > 0.05cm

PID |1/l(7,Tpc‘ <5

Out-of-bunch pile-up removal Hit in ITS SPD or SSD or TOF timing
DCA of the child tracks at the DCA(|p, ]) < 1.5cm

decay vertex

V0 selection criteria

Transverse momentum pr > 03GeV/c

A decay vertex livertex, | < 100 cm, i=x,y,z
Transverse radius of the decay vertex ryy 0.2 <7y <100cm

Pointing angle « cosa > 0.99

K2 rejection 0.48 < M+, < 0.515GeV/c?
A selection Mpr —Ma ppg| < 4MeV/ c?

Similar to the case of (anti)protons discussed above, the proper reconstruction of the
child trajectories is ensured by only using candidates within |#| < 0.8 and with at least 70
clusters within the TPC. Only the dE/dx measurement in the TPC is used for PID, since
the requirement of a TOF measurement reduces the reconstruction efficiency, especially
when the child tracks have a low momentum. In order to select particles originating
from weak decays, trajectories are selected, if they have a minimum DCA to the PV in
the transverse direction of 0.05cm and have a maximum DCA to the decay vertex of the
A of 1.5cm. The magnetic field causes the trajectories of particles with low momenta to
curl up, and they can not be reconstructed as TPC-only or global tracks. This introduces
a mass dependent cut-off not only for the tracking, but also for the reconstruction of A
candidates below pt~0.3 GeV/c. Additional selection criteria can be directly applied
to the topology of the V? candidate. The offset of the secondary vertex to the PV in
the transverse plane should at least be 0.2 cm and not exceed 100 cm. Regardless of its
relative position to the PV, the coordinates of the secondary vertex have to be within
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a sphere of 100 cm around the nominal interaction point to ensure that it is located
within the fiducial volume of the detectors. To select primary A baryons and reject fake
candidates the cosine of the pointing angle (CPA) between the momentum vector of
the A candidate and its trajectory is required to be at least 0.99. The above selection
can identify a charged 7t as a proton, since at momenta pypc > 1.0GeV/c, the dE/dx
of these two particles in the TPC is similar. As a consequence, the V? candidate might
actually originate from the decay of a Kg, which produces two oppositely charged 7
mesons. In order to exclude this contamination, the invariant mass of each V° candidate
is also calculated assuming the charged 7 mass for both children. If it lays within a
window of 18 MeV/c? around the nominal K¢ mass, the candidate is rejected. Then the
invariant mass of the candidate is calculated assuming the nominal proton and charged
7t mass for the corresponding children. The distribution of all candidates is fitted using
the sum of a double Gaussian to describe the signal and a second order polynomial to
describe the background. The integrals over the corresponding functions in the selection
region are used to estimate the purity P. If the purity is compared among sub-samples
of events, which were recorded at different LHC beam conditions, it can be observed
to worsen for increasing interaction rates. This behavior points towards an incomplete
rejection of out-of-bunch pile-up. Since particles, which are produced in overlapping
collisions, are not associated with the reconstructed PV, their trajectories carry a similar
signature as those of the children of V° candidates. In order to check whether or not an
individual trajectory is associated to the collision that triggered the event, the timing
information of detectors, with good timing resolution and and short integration times,
is evaluated relative to the timestamp of the bunch crossing. Therefore, child trajectories
were required to have a hit in either one of the SPD and SSD layers or the in the TOF,
which results in a purity independent of data taking period and interaction rate.
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Figure 3.11.: Invariant proton and 71~ mass distribution, integrated in pt, obtained from
pp collisions at /s = 13 TeV
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As it can be seen in Fig. 3.11, a clear peak arises in the invariant mass spectrum around
the nominal A mass. The fit in several individual pr intervals is shown in Fig. B.2. It
was found that the A and A is reconstructed with a resolution ¢ between 1.5MeV /c?
and 1.8MeV/c?. The purity and number of selected A candidates is estimated and
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Figure 3.12.: (Top left) pr distribution and (top right) purity of the A sample. (Bottom
left) Exemplary fit of of the CPA distribution in one pr interval with MC generated
templates. (Bottom right) Decomposition of the A sample over the whole pr range.
Results are shown for the analysis of HM pp collisions at /s = 13 TeV

presented in the upper panels of Fig. 3.12. The pr averaged purity in pp collisions at
Vs = 13 TeV is 96%. In order to investigate the composition of the selected sample,
the CPA distribution of primary, secondary and material A baryons and misidentified
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candidates are obtained from MC simulations. As for (anti)protons, they are used as
templates to fit the integrated CPA distribution of the data in a total of 8 pr intervals.
As an example, the bottom left panel of Fig. 3.12 shows the result in the interval for
0.8 < pr < 1.3GeV/c. While the template of both primaries and secondaries has a
maximum at CPA = 1, a much more pronounced peak appears for primaries than for
secondaries. The template of material contributions and of fake candidates is rather
flat, since for them any orientation between momentum and trajectory is possible. It
should be noted that the X’ is not included in the secondary contributions. It decays
electromagnetically and produces a A, but its lifetime of ct~22pm is too short to
distinguish it from a primary A by any observable. Their contribution can then be
calculated from the production ratio between the A and the ¥9 which is expected to
be 1/3 [184] due to isospin considerations. Also experimental measurements support
this [182, 183, 185-187], albeit the rather large uncertainties of around 20% for hadronic
collisions at higher energies. With this, 55% of the selected candidates are A baryons
produced directly in the collision, while 19% of the selected candidates originate from
electromagnetic decays of a =°. A fraction of 22% is found to originate from weak
decays, which can exclusively be attributed to & baryons, since the production of heavier
particles that decay into a A like the (2™ is suppressed by at least a factor of 10 [188].
The neutral and charged = is produced equally and consequently each contribute with
11%. At last, material interactions and combinatorial background amounts to 4%.

3.6.5. & Hyperons

The &~ baryon is also unstable and has a lifetime ct~5cm and decays weakly with
a BR of almost 100% to 2= — A~ (B — A7n") [2]. The selection criteria shown in
Table 3.5 are based on a previous analysis [189]. They were slightly modified in order to
obtain a higher purity and adapted to deal with the increased pile-up due to the higher
interaction rates during the data taking in Run 2. The same selection criteria can also
be used to identify T, if the particle hypothesis of the child trajectories is switched
accordingly.

Most of the selection criteria discussed in last section are also applicable here, to the
&~ and to one of its children, the A. For the latter the selection has be adjusted such
that secondary, not primary particles are identified. It is crucial to keep a high efficiency
in selecting the signal, since two consecutive weak decays have to be reconstructed
that each produce a charged 7t with low momentum. The TPC PID selection criteria of
all three child trajectories were tightened compared to the ones in the last section to
| ny1pc |< 4. A hit in one of the ITS layers or a matched TOF signal is required in order
to use the timing information to remove the contribution of particles stemming from
out-of-bunch pile-up. Only those candidates are selected, where all three children have
a minimum DCA to the PV of 0.05cm and the two children of the A have a maximum
DCA to its decay vertex of 1.5cm. The A candidate itself, this time a secondary, is
requested to have an offset between its decay vertex and the nominal interaction point
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Table 3.5.: &=~ selection criteria.
Child track selection criteria

Pseudorapidity ln| < 0.8

TPC cluster nrpc > 70

Transverse Momentum pr > 0.3GeV/c

Distance of closest approach to PV DCAyy > 0.05cm

Particle identification |ne1pc| < 4

Out-of-bunch pile-up removal Hit in ITS SPD or SSD or TOF timing

V0 selection criteria

A Pointing angle « cosa > 0.97

Transverse radius of the A decay vertex Txy 14 <ry, <200cm

DCA of the child tracks at the DCA(|p, |) < 1.5cm

A decay vertex

DCA of the A to the PV DCA > 0.07cm

A selection Mprz —Map ppg| < 6MeV/ c?

Cascade selection criteria

&~ Pointing angle « cosa > 0.98

Transverse radius of the £~ decay vertex ry, 0.8 <7y, <200cm

DCA of the child tracks at the DCA(|p, r, t|) < 1.6cm

&~ decay vertex

Q) rejection 1.667 < M- < 1.677 GeV/c?
&~ selection M- —Mz- ppg| < 5MeV/c?

of 1.4 to 200cm and to have a CPA > 0.97. The invariant mass, calculated assuming
the nominal proton and charged 7 mass for the children, has to lay within 6 MeV /c?
around the nominal A mass.

The track of a charged 7 candidate is combined with a A candidate to form a &~
candidate and to evaluate its decay vertex. This way, additional topological selection
criteria become available. The charged 77 and A are required to have a maximum DCA
to the =~ decay vertex of 1.5 cm. The latter should have a distance between 0.8 cm and
200 cm from the nominal interaction point. Fake candidates are rejected by selecting
only those with a CPA> 0.98. Nevertheless, the selection can include candidates from
decays of an (O~ (2~ — AK"), if the bachelor is a misidentified charged K. Hence, the
invariant mass of the cascade candidate is calculated assuming the nominal mass of the
charged K and the A for its children and those candidates within 5MeV /c? around the
nominal ()~ mass are rejected.

For the remaining candidates, the invariant mass is calculated using the nominal charged
7t and A mass. Figure 3.13 shows the resulting distribution, fit by the sum of a double
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Figure 3.13.: Invariant A and 71~ mass distribution, integrated in pr, obtained from pp
collisions at /s = 13 TeV.

Gaussian to describe the signal and a second order polynomial for the combinatorial
background. The analysis in separate pt intervals is shown in Fig. B.4 and B.3. The E~
mass resolution in both collision systems is found to increase from 2.1 MeV /c? at low
pr to 2.7MeV/ c? at larger pr, with a pr averaged value of 2.3 MeV/ c2. Particles and
antiparticles are selected within a 5MeV /c? window around the nominal Z~ mass and
are reconstructed with a pr average purity of 92% (86%).

In the following the composition of the sample is analyzed in terms of primary and
secondary contributions. The only particles which decay such that a &~ is produced in
the final state are the (3~ and the negatively charged and neutral Z(1530) resonances. A
CPA fit, as it was applied to the distribution of selected A candidates, would only be

Table 3.6.: Production cross sections measured in pp collisions at /s = 7 TeV and
branching ratios to the Z~ for the =, Q~, 2°(1530) and &~ (1530), and calculation of
the composition of the sample of candidates by the Z~ selection. For the references see
text.

Particle - QO —»E " E%1530) » & nt E(1530) - E-°
dNg,/dny (x10%) 7.9 0.67 2.48 2.48
BR 1 0.085 1/3 2/3
BR-dNg,/dy (x10%) 7.9 0.0057 0.83 1.65
Relative contrib. 76% 0.05% 8% 16%
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sensitive to the contribution of the weakly decaying ()™, not the contribution of the two
strongly decaying resonances. As it was argued in the last section, none of the selection
criteria will alter the relative contributions of short-lived particles (¢t < 1cm) in the
sample and the composition can be estimated from the production yields. The values of
the dNg,/dy for the -, the Q™ [188, 189] and the E°(1530) [190, 191] were measured
by ALICE. The charged Z~(1530) is assumed to be produced in the same amount as its
neutral partner. All values for pp collisions at \/s = 7 TeV are summarized in Table 3.6,
where also the corresponding BR [2] of the channels to a E~ in the final state are shown.
The absolute contribution is calculated as the product of dNg,/dn and the BR. The
relative contribution is calculated by dividing the absolute contribution of each particle
by the sum over all particles. The result shows, that 76% of all correctly identified Z~ are
produced directly in the collision, 16% stem from the decay of a £~ (1530), 8% originate
from the decay of a £°(1530) and only a negligible fraction comes from the contribution
of the ()7. These values are found to be consistent with those in p-Pb collisions at

\v/SNN = 5.02 TeV.

3.7. Measurement of Pair distributions

The two-particle correlation function is measured according to Eq. 2.2. Event-by-event
the identified particles are combined to built the pairs of interest and to measure the
distribution Ngame (k™) of correlated pairs. The momenta of individual particles have to
be boosted into the PRF, and here the nominal mass of the particle is always used. The
number of pairs that can be found in the femtoscopic region within k* < 200 MeV /¢ for
the different particle combinations that are used in this work are shown in Table 3.7,
individually for each of the two data sets. All identified particles, including those that

Table 3.7.: Pair yield of the different particle combinations in the relative momentum
region k* < 200MeV /c for the data sets from MB p-Pb collisions at \/syy = 5.02 TeV
and HM pp collisions at /s = 13 TeV.

System p—-Pb MB pp HM

Pair

p-p 5742 x 10°  1728.2 x 10°
PP 4129 x 10° 1258.7 x 10°
p-A = 630.8 x 10°
p-A - 495.5 x 10
p-E~ 3.3 x10° 20.6 x 10°
p-Z 2.6 x 103 16.6 x 10°

could not be paired, are buffered to also built pairs of particles from different events and
to measure the distribution Npixeq (k*) of uncorrelated pairs. In this step, it is important
to avoid any bias due to a difference in acceptance and tracking performance and hence,
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only events with similar event properties are considered for the mixing. For this purpose
the events are grouped according to the z-position of their vertex in 10 bins with a width
of 2cm and according to their multiplicity, estimated by the number of global tracks
in |7| < 0.8, in 41 bins covering a range from [0,3], [4,7], ..., [156,159], [160,00[. The
individual buffer for each bin and particle species can store up to 10 events.
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4. A common Source of Baryons

In order to study the details of the p-E~ interaction via the measurement of their
two-particle correlation function, the source distribution S(r*) of the pair has to be
constrained. As it is discussed in Section 2.2 and 2.4, by assuming that baryon pairs
share a common emission profile, the source can then be obtained from the measurement
of the p—p correlation function, where the interaction is well understood. In the following,
the validity of this assumption is tested by a comparison of the results to those extracted
from the correlation function of p—-A pairs. It will be demonstrated that only by
explicitly modeling modifications of the source distribution due to the decay of short-
lived resonances a common m scaling of the size of the Gaussian core source can be
observed. These findings are summarized in a publication, see [139].

4.1. The p—p and p—A Correlation Functions

Besides the two-particle final-state interaction, responsible for the genuine femtoscopic
signal of the individual pair, experimental effects can influence the measurement of
the correlation function. The latter is obtained from the distributions Ngame(k*) and
Nixed (K*), which have to be normalized. Their respective measurement depends on
effects related to the detection of single particles, namely track splitting and merging,
and the finite momentum resolution of the ALICE detector. It is further experimentally
difficult or even impossible to avoid residual correlations due to non-femtoscopic
sources and due to final state interactions of misidentified particles. As a result, several
corrections have to be applied before the theoretical prediction can be compared to the
measurement.

4.1.1. Normalization and Multiplicity Re-weighting

In principle, an arbitrary number of pairs can be created by mixing particles from
different events. Mixing particles with those of up to 10 other events reduces the
statistical uncertainty of the distribution Npixeq(k*) compared to that of Neame(k*) at
least by a factor of 5. As a result, the measurement of the latter defines almost solely the
overall statistical uncertainty on C(k*). The difference in the number of entries between
the two distributions is equalized by the normalization factor N [104], which was
already introduced in Eq. 2.2. In the femtoscopic region (k* < 200 MeV /¢) the shape of
the two distributions can differ due to final state effects, therefore A/ has to be calculated
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Figure 4.1.: Self-normalized yield of p—p pairs in p—Pb collisions at /sy = 5.02 TeV as
a function of the multiplicity bin in the range 200 < k* < 900 MeV /c. The distribution
obtained from same event pairs is represented by black dots, the ones obtained from the
mixed event pairs before and after the re-weighting are represented by violet squares
and magenta triangles, respectively.

where they are expected to be equal and C(k*) = 1. The upper range of this region
can be limited by the presence of (non-)femtoscopic signals, which will be discussed in
more detail later in this chapter. Accordingly, the normalization for both, p—p and p-A
pairs, was calculated in the region 240 < k* < 340 MeV/c. Another important fact to
consider when calculating correlation functions can be understood from Fig. 4.1, where
the yield of p—p pairs in p-Pb collisions at /sy = 5.02 TeV is shown as a function of
the multiplicity. These distributions were measured by integrating the raw same event
(black dots) and mixed event (violet squares) distributions outside of the femtoscopic
region in the range 200 < k* < 900MeV/c. In order to easily compare the resulting
distributions, they were normalized such that the total sum is 1. It can be observed,
that the mixed event distribution gives a much larger weight to lower multiplicity bins
than the same event distribution. Events with only one identified particle are most
frequent at low multiplicities and can not contribute to the correlated sample. They
are nevertheless included in the mixing in order to properly reflect the single particle
properties in the shape of the uncorrelated sample. This, however, means that at low
multiplicities an increased amount of pairs is available for the mixing of different events.
This effect is caused by combinatorics and is equalized by scaling the relative momentum
distribution Npixed (k*) in each individual multiplicity bin by a re-weighting factor, such
that it reproduces the yield of Nsame(k*) within the range 200 < k* < 900 MeV /c.

The correlation functions of p—p and p—p pairs measured in MB p-Pb collisions at
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Figure 4.2.: Top Panel: The correlation functions measured in p-Pb collisions at
VSN = 5.02 TeV of p—p (magenta points) and p—p (green points) pairs. Bottom
Panel: The correlation functions measured in HM pp collisions at /s = 13 TeV, for
baryon pairs (magenta points), p—p in the left and p—A in the right panel, as well as
antibaryon pairs (green points), p—p in the left and p-A in the right panel. The ratio
between the C(k*) of baryon and antibaryon pairs (orange points) was scaled for all
cases by a factor of 0.75 for visibility.

VSNN = 5.02 TeV are shown in the top panel of Fig. 4.2, those of p—p, p—p, p-A and
p-A pairs measured in HM pp collisions at /s = 13 TeV in the bottom panel of the
same figure. As it is seen best from the ratios (orange points), which was scaled by a

factor of 0.75 in order to improve the visibility, the correlation functions between the pairs
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of baryons (b-b) and corresponding pairs of antibaryons (b-b) agree. Without taking
into account the statistical uncertainties, the difference between the two is at maximum
4% for p-p and p—p pairs, and at maximum 5% for p-A and p-A pairs. Therefore,
the C(k*) of each k} bin is combined to improve the statistical significance and in the
following p—p denotes the combination of p—p @ p—p and accordingly for p—A. Already
at this point, the typical correlation signal of p—p pairs, as it was discussed in Section 2.4,
can be indeed observed to reflect the features of the Coulomb and strong interaction as
well as effects of QS. The p—A correlation function exhibits an enhancement above unity,
which expected due to their attractive interaction, as discussed later in this chapter.

4.1.2. Detector Effects

The two particles of pair with small relative momenta, are emitted with almost collinear
trajectories at the PV. If the particles carry different charges, their trajectories will be
well separated as they move through the ALICE detector, because of a different bending
in the magnetic field. Trajectories of particles with the same charge, however, continue to
move almost in parallel. As a result, their reconstruction is hampered by effects of track
splitting and merging [154], which denotes the case when one trajectory is reconstructed
as two or two trajectories are reconstructed as one, respectively. In this analysis, this
contribution is particularly relevant for p—p and p—p pairs, and for this reason the proton
selection criteria include a shared cluster cut in order to reject those candidates. As a
result, the reconstruction efficiency of close pairs is reduced at small relative momenta.
Since the trajectories in different events are not simultaneously reconstructed and hence,
are not affected by these selection criteria, the same event distribution at small k* might
be depleted with respect to the mixed event distribution. As a result, the C(k*) would
be suppressed, even in absence of any femtoscopic signal. The effect of close pairs is
studied by looking at the distribution of the opening angles (A¢*) and Ar between two
trajectories. Instead of ¢, the azimuthal angle at the PV, it is recalculated at a radial
distance r within the TPC volume as

03e-r-B 1
ZPT Tm’

¢* = ¢ + arcsin (4.1)

by taking into account the bending of the trajectory in the magnetic field. MC gener-
ated events are used, since here final state interactions are not accounted for and no
femtoscopic signal is present. For p—p pairs from same and mixed events the average
(Ap*) is calculated from the ¢; at nine different distances r; between 85 and 245 cm
from the nominal interaction point. The resulting distributions are shown in the left
and right panel of Fig. 4.3. It can be seen that for pairs from different events, the
distribution is completely uniform, while for pairs in the same event a depletion appears
at (Ap*) = Ay = 0, which is caused by the rejection of tracks with shared clusters. In
order to mitigate this deficiency and at the same time measure C(k*) as close to k* = 0
as possible, a close pair rejection (CPR) is implemented, by rejecting p—p and p—p pairs
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Figure 4.3.: The same (left) and mixed (right) event self-normalized distributions of
(Ag*) and An of p—p pairs in MC simulated events anchored to HM pp collisions at
Vs = 13 TeV.

with \/(A¢*)? + An? < 0.014. Using the angle ¢* instead of ¢, has the advantage that
the rejection is less stringent but still sufficient.

The number of p—A pairs in MC generated events is insufficient for a similar study.
Instead, the correlation functions in data are compared, obtained with and without the
CPR criterion applied between the proton and each of the A children. As expected they
agree, since the A is reconstructed from its decay products, and consequently, no such
rejection is required for p—A pairs. Nevertheless, auto-correlations are introduced to the
measurement of C(k*), if the proton trajectory is used as both, a primary proton and
a possible decay product of the A candidate. Therefore, the unique track labels of all
trajectories, which are associated with the particle pair, are compared among each other
and if a match is found, the A candidate is rejected.

The finite momentum resolution affects the measurement of each single particle and
therefore, also the measurement of k*. Its effect is studied with the help of MC generated
events, by relating the reconstructed momentum of the particles to their true momentum
at the collision vertex. Figure 4.4 shows the results for p—p pairs in HM pp collisions
at /s = 13 TeV. Only a limited number of MC generated events and hence same
event pairs are available for such an analysis and as a result the femtoscopic region is
only populated scarcely. Alternatively, pairs from mixed events can be used to obtain
these distributions. The distributions of same and mixed event pairs agree within their
respective uncertainties and evidently, the resolution of the relative momentum is a
consequence of the finite resolution of the single particle measurement. From the left
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Figure 4.4.: Correlation between the true relative momentum (k) and reconstructed
relative momentum (k;..,) of p—p pairs. Evaluated with MC events anchored to HM pp
collisions at /s = 13 TeV.

panel of Fig 4.4 it can be seen that for most k* the reconstructed momentum scatters
symmetrically around the true momentum. The right panel of the same figure show
a different representation, which focuses of the femtoscopic region. It can be seen
that as k{,,,. approaches zero, an offset between the true and reconstructed momentum
remains. The entries of the histogram within 0 < ki, < 0.04GeV/c are projected onto
the abscissa and the resulting distribution is fitted by a Gaussian. It has a mean of
0.006 GeV/c and a width of 0.002GeV/c. This is caused by resolution effects, which
for particles with almost parallel trajectories can only result in an increase of their pair
momenta. The matrices were obtained for all combinations of particles and collisions

systems, and they are shown in Appendix B.

A distribution, as it is depicted in the left panel of Fig. 4.4, corresponds to a discrete
transformation matrix M (kjoco, ke ) between the true and the reconstructed momentum
and can be applied to unfold the k* distributions. This, however, requires to numerically
invert M, which will be explored later in this work. An equivalent and much simpler
approach, which is commonly used c.f. [14], is to instead smear the modelled correlation
function C(k{,,.) by M. In case of a binned matrix M (kf/reco,k;true) and a correlation
function at the corresponding values of k*, the smeared correlation function C(k} .. ) is

i,reco
then calculated as

M kz?kreco’k%'k rue/ C(k? rue
C(k: M WEirecor o) - Cirue) (4.2)

l,reco) = Z] M(k* k* )

1,reco’ "j,true
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Figure 4.5.: The p—p correlation function for k. (blue solid line) and kj., after trans-
forming it via M(k} ..., ki ..) @s shown in the left panel of Fig. 4.4. The genuine p—p

ijreco’ " jtrue
correlation was calculated with CATS and a Gaussian source size of rgauss = 1.2 fm.

The dashed green and the blue curves in Fig 4.5 depict the genuine and smeared p—p
correlation functions. The former is calculated with CATS as discussed in Section 2.4, it
is calculated with CATS employing a Gaussian source with a size of 7Gauss = 1.2fm. The
obtained correlation function is then smeared according to Eq. 4.2 utilizing the matrix
MK} recor K true) depicted in the left panel of Fig. 4.4. The resulting smeared correlation
function in Fig. 4.5 as shown as a function of kj,,. As it can be seen, the modifications
are most pronounced in the region k* < 50MeV/c, which is caused not only by the
difference of k{;,, and k}.,, but also by the fact that C(k*) itself changes quite strongly
as a function of k*.

4.1.3. Description of the Non-Femtoscopic Baseline

The comparison of correlation functions in data and MC simulations is further useful
to study, if non-femtoscopic signals are present after applying the normalization, the
re-weighting and the CPR. Figure 4.6 shows the p—p correlation functions in HM
pp collisions at /s = 13 TeV for both data and MC. In the femtoscopic region
(k* < 200MeV/c), the measurement in data (magenta points) exhibits the typical
femtoscopic signal of p—p pairs. The correlation function measured in MC generated
data (green points) remains close to unity, except for the first bin where C(k*) ~ 1.4.
The comparison of the individual p—p and p—p correlation functions, it can be seen
that only for p—p pairs, the correlation function in MC generated events shows such an
enhancement. Such an asymmetry is not observed in the correlation function of p—p
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and p-p pairs in data. This indicates that this is an effect solely present for p—p pairs in
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Figure 4.6.: p—p Correlation function measured in HM pp collisions at /s = 13 TeV
(magenta points) and measured in MC generated events anchored to the same data
(green points).

MC generated events and might be related to the simulation of protons originating from
spallation processes and material interactions. In order to ensure that this introduces
no bias to the analysis, the fit of the p—p correlation function, which will be explained
in detail later in this chapter, is repeated excluding this first bin. The measured radius
is not modify in this way. Up to k* < 400MeV /¢, both correlation functions agree and
are almost flat. For this reason, as previously discussed, the normalization is computed
within this region. Nevertheless, it can be seen that for both, data and simulation, a linear
behavior with a slight negative slope remains. At even larger values of k*, the correlation
function measured from data increases above unity and deviates significantly from
the one measured from simulated data. In systems with low multiplicities, effects of
global energy and momentum conservation have to be considered on the pair level [108].
They become more pronounced the more the particles are emitted back-to-back or
equivalently, with a large k* [192]. In the femtoscopic and intermediate k* region the
resulting baseline is described by a linear function [23]. Contributions of mini-jets,
which typically appear for meson pairs [114] or baryon-antibaryon pairs [107], is found
to be suppressed in the analysis of p—p and p-A pairs, as generally observed for for
baryon-baryon pairs [23].
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4.1.4. Genuine and Residual Correlations

By considering the effects discussed up to this point, the only missing ingredient to
extract the source parameter by a fit of the measured C(k*) is the theoretical prediction.
It was demonstrated in Section 3.6.3 and 3.6.4 that the selection of protons and A baryons
includes misidentified particles and secondaries from weak and electromagnetic decays.
Since they are also included in the pairing, the measured correlation function consists
not only of the genuine signal, but also of so called residual correlations. This means
for example that by including protons from decays of a A or a " in the measurement
of the p—p correlation function, one has to consider correlations not only due to the
genuine p-p interaction, but in principle also due to the p-A and p-X* interaction. It
was shown in [23] that these residual contributions can be included in the description of
the femtoscopic signal Cpqe1(k*) as

Crnodel (K*) =1+ ZAi(Ci(k*) - 1), (4.3)

where the sum runs over all possible combinations of genuine, impurity and feed-down
contributions. The Ci(k*) then represent the corresponding correlation functions and
the parameters A; the relative weights of these contributions. The weights are calculated
from purity and feed-down fractions of the single particles [23] and are summarized
for p—p and p-A pairs in HM pp collisions at /s = 13 TeV and p—p pairs in MB p-Pb
collisions at /sy = 5.02 TeV in Table 4.1. Here, X denotes misidentified particles and
Xy particles originating from the decay of Y.

Table 4.1.: Weight parameters of the individual components of the p—p and p-A correla-
tion function in HM pp collisions at /s = 13 TeV (p-p correlation function in MB p-Pb
collisions at /sy = 5.02 TeV). Misidentifications of particle species X are denoted
as X and feed-down contributions have the mother particle listed as a sub-index. For
the contributions in bold text, the correlation functions are modelled according to the
interaction potential, while the others are assumed to be flat.

pP-p p-A
Pair Ai (%) Pair Ai (%) Pair Ai (%)
PP 67 (72) pA 46 Pr+Axo 1
pAPp 20 (16) | pAz- 9 px+Axo 1
pPAPA 2(1) pAzo 9 pA 0
pz+p 9(7) | pAxo 15 PAz- 0
Ps+ps+ 0 (0) VAN 7 PAzo 0
PAPs+ 1(1) pafz- 1 PAsxo 0
pp 1) | palg 1 pA 3
ppa 0(0) paAso 2 pal 1
ppz+ 0 (0) p2+A 3 pEfA 0
pp 000) | ps+Ae- 1 pA 0
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Genuine Correlations

It can be seen from Table 4.1 that the measured correlation function of both the p—p and
p—A pairs is dominated by the genuine contribution. Their correlation functions can be
modelled directly from Eq. 2.7 in CATS [120] if the source distribution S(r*) is assumed
to be either Gaussian or a Gaussian core with resonances.

For p—p pairs are affected by QS, the Coulomb and the strong interaction and the
resulting behavior of their C(k*) was already discussed in Section 2.4. Accordingly the
local form of the Argonne v1g potential [59] is used in the following to describe the
strong interaction among two protons.

In case of p—A pairs, solely effects of the strong interaction define the behavior of the
genuine C(k*). For the strangeness sector, experimental constraints of the latter are at
least two orders of magnitude less precise than those available for the N-N sector [20,
65, 77]. Experimentally, more data is available for this pair than for other N-Y pair,
which includes measurements of the scattering cross sections and several observations
of A-hypernuclei [26]. Nevertheless, there is a certain ambiguity between the different
theoretical descriptions of the strong interaction of p—A pairs. The correlation functions
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Figure 4.7.: The p—A correlation function for a Gaussian source distribution with a size
of 1.2fm. The ¢(k*,7*) is obtained from YEFT calculations in leading-order (LO [66],
green curve), next-to-leading order (NLO [65], red curve) and calculated with CATS
using the Usmani potential [193] (blue curve).

for p—A pairs shown in Fig. 4.7 are computed assuming a Gaussian source distribution
with a width of rgauss = 1.2 fm and considering different S-wave functions in both spin
states S = 0 and S = 1. The latter was either calculated by CATS with the Usmani
potential [193] or obtained from from chiral effective field theory calculations (YEFT)
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in leading order [66] (LO) and next-to-leading order [65] (NLO). The measurements by
scattering experiments and the observation of A-hypernuclei support the hypothesis
of an overall attractive p-A interaction. This is also reflected by the C(k*), which in
the femtoscopic region is enhanced above unity for all cases. The resulting C(k*) for
the Usmani potential and the xEFT calculations in NLO are very similar, while the LO
result differs within the whole femtoscopic region. From a theoretical perspective, the
result of the NLO calculation is expected to be more accurate than the one of the LO
calculation, however, the limited amount of experimental data leaves room for both
descriptions [65].

Residual Correlations

In order to describe the measured correlation function according to Eq. 4.3, the shape
C;(k*) of the residual contributions needs to be modelled. If a source distribution,
e.g. with a Gaussian shape is assumed and the wave-function that describes the inter-
action is available, the genuine C(k*) of the residual pair can also be obtained using
Eq. 2.7. The resulting correlation function, however, has be further modified in order
to account for the kinematic change caused by the decay, since children carry only a
fraction of the momentum of the parent particle. Consequently, if they are used in the
pairing, the correlation signal due to the interaction of the parent will be smeared. The
kinematic distributions can for example be simulated with GENBOD [194], which can be

subsequently used to obtain a transformation matrix D(k;‘parent, k}k child)- As an example,
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Figure 4.8.: Transformation matrix simulated with GENBOD [194], which accounts for the
decay kinematics to convert the p—A correlation signal to the p—p reference frame.

Fig. 4.8 shows the transformation matrix, which is used to model the contribution of the
p—A correlation function in the p—p momentum basis. In the rest frame of the A, the its

81



4. A common Source of Baryons

o~ = T T =
é - -
O B i
3 7

25 - — p-A X EFT NLO ]

- ——p-A-p-p .

B == k*true_’k* reco B

2 :_ = App =0. _:

15 =
1F = .

N : : m

a1
o
[EnN
o
o

k* (MeV/c)

Figure 4.9.: Modeling of the residual contribution of p—A pairs to the p—p correlation
function. The genuine C(k*) of p—A is modelled with YEFT in NLO (green curve) and
then transformed into the p—p momentum basis (blue curve). Subsequently it is smeared
to account for the momentum resolution (pink dashed curve), which in the last step is
scaled by the A parameter of 0.2 (orange curve).

difference to the proton and 71~ mass defines the amount of kinetic energy that can be
distributed between the decay products. This in combination with the transformation
to the p—p and p—A PRF leads to the depicted distribution. Similar to the treatment of
the finite momentum resolution, the transformation C(kjarent) — C(k%;4) can then be
calculated according to Eq. 4.2 if M is replaced by D.

The modeling of the residual contribution of p—A pairs to the p—p correlation function is
shown in Fig. 4.9. The genuine p—A correlation (green curve) function is obtained from
XEFT NLO calculations, as shown in Fig. 4.7. In the first step the correlation function
is transformed by the decay matrix (blue curve). In a second step, this correlation
function is smeared to account for the finite momentum resolution of the p—p pair (pink
dashed curve) and then, in the last step, the previous curve is scaled by the A parameter
Ap,p = 0.2 (orange dashed curve), which was taken from Table 4.1. It can be seen
that accounting for the decay kinematics and the relative weight of the contribution
alters and suppresses the genuine p—A correlation signal in the measurement of the p—p
correlation function. In fact, for most residual contributions the above procedure leads
to a C;(k*)~1 and hence, the actual shape of their genuine C(k*) can be neglected.

Consequently, in order to describe the p—p (p—A) correlation function, residual correla-
tions from p-A (p-X° and p-Z) pairs are explicitly modelled, all other contributions
are assumed to be flat. The theoretical descriptions of their interactions follows [65, 66]
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Figure 4.10.: Residual contributions due to p-Z~ and p-X pairs to the measured p-A
correlation functions. The genuine signal is modelled assuming a Gaussian source size
of 7Gauss = 1.2 fm and the different interaction potentials discussed in the text. It is then
transformed by the respective decay matrix and scaled by the corresponding A; reported
in the legend in order to obtain the depicted curves.

for p-A, [71] for p—Z~ and [14, 195, 196] for p—ZO. As it will be later shown in this work,
the HAL QCD calculations are validated by the p—=~ correlation function [176]. Also
the p—X? interaction was studied via femtoscopy [10, 25] and due to the limited precision
of the data all three mentioned models are in agreement with the measured data. Figure
4.10 shows the different residual contributions to the measured p—A correlation function,
where the genuine signal is modelled assuming a Gaussian source size of 7Gauss = 1.2fm
and then subsequently transformed to k,_, and scaled for the respective A;. Within
the femtoscopic region the different descriptions of the p—X° interaction result in an
uncertainty related to the modeling of the residual contribution of up to 6%.

4.1.5. Fit Functions

At this point, in order to extract the source size, the function Cg(k*) is fitted to the
measured C(k*) by minimizing the x? via Minuit [197]. Besides the normalization and
re-weighting, all corrections are directly applied to Cg(k*). In general, it can be written
as

Cﬁt (k*) = Cnon—femto (k*) : Cmodel (k* )/ (44)

where Cphonfemto (k™) is either a constant Cpon femto (k™) = 4 or a linear Chonfemto (k) =
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a+ b - k* function. The constant factor can, if necessary, introduce a slight correction
to the normalization A and allows for a result which is independent of the choice of
normalization region. In order to consider the previously discussed effects of energy
and momentum conservation [23, 192], the linear baseline function extrapolates any
remaining slope of C(k*) in the normalization region to the femtoscopic region. Based
on Eq. 4.3, the description of the femtoscopic signal, Ciodel (k*), of p—p and p—A pairs is
constructed as

Cmodel,p—p(k*) = 1 + Ap‘p(cp—p (k*) - 1) + Ap_pA (CP—PA (k*) - 1)/ (4'5)

and

Cinodelp-A(K) =14+ Ap A(Cpn (k") = 1) + Ap-n o (Cpny, (K7) — 1)

(4.6)

+Apa. (Cpa. (K7) —1).
The genuine and residual correlations are modelled assuming the same radii and, as
previously discussed, transforming the latter into either the p—p or p—A momentum basis
by using the decay matrices. The momentum resolution is taken into account by applying
the corresponding momentum resolution matrix via Eq. 4.2 to each Cyoqel (k*). At this
point the only free parameters are related to Chon-femto (k*) and the source distribution
S(r*) and can be estimated by a fit of the corresponding measured correlation function.
In case of the p—p correlation function, the default range to conduct the fit is 0 < k* <
375MeV /c. As it can be seen in Fig. 4.6 or the top or bottom left panel of Fig. 4.2, at
k* 2 400MeV/c the behavior of C(k*) deteriorates significantly from a flat or linear
behavior. This is due to effects of energy and momentum conservation and in particular
at large k* their description becomes more involved than a linear function [192]. The
femtoscopic signal, however, vanishes already at smaller k* and the fit range is limited
accordingly. In case of the p—A correlation function, the fit parameters are extracted
within 0 < k* < 244 MeV /c. The limitation of the upper range is due to the appearance
of a cusp at k* ~ 280MeV /¢, due to the coupling between the N-A and N-X system [24,
65, 66]. Its theoretical description has to still be tested, which is currently explored as
part of [24].

4.2. Determination of the Gaussian Source Size

In the following, the source S(r*) is assumed to be described by the one-dimensional
Gaussian distribution of Eq. 2.9. The only free parameter is its width, also called the
Gaussian source size rGauss- The function Cgi(k*), where Eq. 4.5 is inserted into Eq. 4.4
and is fitted to the measured p—p correlation function. Before these results can be
discussed, it is necessary to estimate the associated systematic uncertainties.
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4.2. Determination of the Gaussian Source Size

4.2.1. Evaluation of Systematic Uncertainties

Table 4.2.: Systematic variations of the Proton selection criteria.

Selection Criteria Default Variation
Max. || 0.8 down 07
up 0.9
. down 0.4
Min. pr (GeV/c) 05 up 0.6
Min. #cjuster TPC 80 920
Max. n, for PID 3 down 2
up 5
Proton Tracking TPC-only tracks Global Tracks

The systematic uncertainties are estimated from two sources. Either they are related
to the selection criteria of particles and the subsequent measurement of the correlation
function or they are related to the parameters and ingredients that are handed to the fit
of Cie (k).

For the data set collected from p-Pb collisions at \/s\w = 5.02 TeV, each single
particle selection criterion of protons is varied individually within the ranges listed in
Table 4.2. It is important to note that as k* approaches zero the number of identified
particle pairs decreases and accordingly, the statistical uncertainties of C(k*) increase.
In order to avoid any bias by statistical fluctuations, the variations of the criteria
were chosen such as to modify the single particle yield of protons by less than +15%.
Additionally, the systematic uncertainties are evaluated in intervals of 40MeV /c in k*.
For each variation of the selection criteria, the relative difference between the measured
correlation function and the default one is calculated. Whenever this results in two
systematic uncertainties, i.e. by a up and down variation, the average is taken into
account. The relative uncertainties of all variations are summed in quadrature and
extrapolated to the binning of 4 MeV /¢ by fitting a polynomial of second order. The so
obtained systematic uncertainties are largest in the lowest k* bin, where they amount to
about 5.1%. The uncertainties considered by the femtoscopic fit are calculated as the
squared sum of statistical and systematic uncertainties. A variation of the proton DCA
selection is not taken into account for the computation of the systematic uncertainties
since it dilutes (enhances) the correlation signal by introducing more (less) secondaries
in the sample, which would correspond to a change in the A parameter.

Additional systematic uncertainties of the fit and of the radius ro are evaluated by:
i) varying the range of the fit region up to 350 or 400 MeV /¢, ii) altering the A pa-
rameters by modifying the secondary contributions by £20% while keeping the total
secondary fraction constant, iii) replacing the xEFT prediction in NLO to describe the
p—p, feed down contribution by the prediction in LO and iv) replacing the normaliza-
tion Cphon-femto (k") = a by a linear function. By varying the fitting range, any ambiguity
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4. A common Source of Baryons

related to the choice of normalization range is automatically taken into account. Varia-
tions of the k* range, where the re-weighting factor for the mixed event distribution is
calculated, are found to have a negligible influence.

4.2.2. Results

Figure 4.11 shows the p—p correlation function measured in MB p-Pb collisions at
VSnn = 5.02 TeV. The data reflect the interplay of the different final state effects
between two protons can be appreciated, which were from a purely theoretical side
already discussed in Section 2.4. At large k* the two protons do not interact hence the
correlation function is unity. As k* decreases the effects of QS create a slight depletion,
better seen by the magnification of the region in the inlet, but are soon overshadowed
by the effects of the strong interaction, which are overall attractive. Accordingly, the
correlation function is enhanced above unity. As k* approaches 0 the repulsive nature
of the Coulomb interaction should result in C(k*) = 0 but, as it was demonstrated in
Section 4.1.2, the finite momentum resolution and the scaling by the A parameter result
in a significant enhancement of the measured C(k*).

The femtoscopic fit yields the blue curve, where its width correspond to one standard
deviation of the total systematic error of the fit. The fit with default parameters results
in a x?/NDF = 1.46, which is directly used to extract the quoted central value of the
radius and its associated statistical uncertainties. The distribution of radii obtained from
all the variations the fitting procedure is used to extract the systematic uncertainty of
the radius measurement as the limits of the interval containing 34% of the measurement
below and above the default value. This results in a Gaussian source size measured

from p—p correlations of 7Gayss = 1.427 + 0.007 (stat.) 000, (syst.) fm.

In Fig. 4.12, this radius is compared to the radii measured from correlations of same-
charged Kaons [118]. The radii of these pairs decrease with increasing kr, at least for
the highest multiplicities. Consequently, these radii scale with mT, which is typically
understood as a signature of a collectively expanding system, as it is discussed in
Section 2.2. The source size of p—p pairs was only measured at one larger value of kr,
but nevertheless, it is slightly increased compared to that of same charge Kaon pairs at a
similar dNg, /dz. This means, that in p—Pb collisions the common mt scaling of Gaussian
source sizes, which was observed for Kaons and protons in Pb—Pb collisions [117], seems
to be broken. A comparison of p—p @ p-A radii in pp collisions at /s = 7 TeV [23]
results in the same behavior. In general, the study of source sizes of various meson
and baryon pairs in pp collisions point towards its variation as a function of event
multiplicity and pair mt [129, 130, 132, 133, 198]. However, aside of a Bt scaling, which
was derived from qualitative considerations [199], no quantitative description could be
determined so far.
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Figure 4.11.: The p—p correlation functions shown as a function of k*. Statistical (bars)
and systematic uncertainties (boxes) are shown separately. The filled bands denote the
results from the fit with Eq.. Their widths correspond to one standard deviation of the
systematic error of the fit.
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Figure 4.12.: Comparison of radii obtained from same-charged Kaon femtoscopy
for different charged particle multiplicity intervals in the p-Pb collision system at
vsnn = 5.02 TeV [118]. The error bars correspond to statistical and the shaded re-
gions to the systematic uncertainty. The charged particle multiplicity dN,/d#y in p-Pb
collisions at /sy = 5.02 TeV is taken from [200].
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4. A common Source of Baryons

4.3. Observation of a Common mt Scaling

In [118] it was demonstrated that the radii of Kaon pairs in p-Pb collisions can only
be reproduced by EPOS if the hadronic cascade phase, simulated with UrQMD, is
included. Here, the presence of collective effects and of resonances leads to significant
modifications of the spectra and of the emission profile of particle pairs [201]. If these
effects are also present for protons and hyperons, the modifications of the source
depends on the species and mass of the particle. For this purpose and to investigate if
there is a common source of baryon pairs, the p-p and p-A correlation functions are
analyzed individually in the following. The large amount of pairs in HM pp collisions
at /s = 13 TeV permits a measurement of the correlation function in 7, respectively
6 individual mt ranges, which in turn allows the investigation of the presence of
collective effects. In order to continue and compare to the previous study, at first the
respective source distributions are assumed to be described by a Gaussian function.
Then, modifications due to the decay of short-lived resonances are explicitly taken into
account by applying the source model described in Section 2.3.

4.3.1. Evaluation of Systematic Uncertainties

Due to the development of nanoAODs!, the usage of computing resources to perform
the correlation analysis on the grid was significantly reduced. Hence, the systematic
uncertainties could be estimated more accurately taking into account correlations among
the different selection criteria. The individual variations of the latter are reported for
protons in Table 4.3 and Abaryons in Table 4.4. The analysis is performed over the

Table 4.3.: Systematic variations of the Proton selection criteria. The CPR is only applied

to p—p pairs.
Selection Criteria Default Variation
down 0.77
Max. |7| 0.8 up 0.85
) down 04
Min. pr (GeV/c) 0.5 up 0.6
. down 70
Min. Ncluster TPC 80 up 30
Max. 7, for PID 3 down 2.5
up 3.5
Max. \/(A¢*)? + An? 0.014 0.019

same data set in parallel 44 times, where in every single iteration the default, up or down

1These is a filtered datatype, where only variables required for femtoscopic analysis was extracted from
the standard data format (AODs)
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4.3. Observation of a Common mT Scaling

Table 4.4.: Systematic variations of the A selection criteria.
Selection Criteria Default  Variation

Child track selection criteria

down 0.77
Max. |n| 0.8 up 0.83
Min. DCA,y to PV (cm) 0.05 0.06
Max. DCAyy to V0 vertex (cm) 1.2 1.5
Min. Ncluster TPC 70 80
Max. n, for PID 5 4
V0 selection criteria
Min. cosa 0.99 0.995

value of each selection criterion is picked at random. The bias of statistical fluctuations
is limited by considering only those results which change the m integrated pair yield
with respect to the default one by a maximum of 20%. This way, additional to the
correlation functions measured for the default selection criteria of p—p (p-A) pairs, 26
(42) variations of the latter were available for the further analysis. The uncertainties
are visualized in the later plots as gray boxes. They are estimated individually in each
k* bin from the minimum and maximum value of C(k*) from all those variations and
assuming a uniform distribution.

The systematic uncertainties associated to the fit procedure of the p—p correlation
functions are evaluated by: i) varying the range of the fit region up to 350 or 400 MeV /c,
i) altering the A parameters by modifying the secondary contributions by +20% while
keeping the secondary fraction constant, iii) replacing the YEFT prediction in NLO to
describe the p—p, feed down contribution by the prediction in LO and iv) replacing the
normalization Chon-femto (k) = a by a linear function.

The systematic uncertainties associated with the fit procedure of the p—A correlation
functions are evaluated by: i) changing the upper limit of the fit region to 204 MeV /c
and 244MeV /¢, ii) modifying the A parameters by varying Ryo,, by +20% and iii)
replacing the normalization constant Chon-femto (k*) = a by a linear function. The fit of
the p—A correlation function is performed twice, where the S wave function once from
XEFT calculations at LO [66] and once from xEFT calculations NLO [65].

When the modifications of the source distribution due to resonances is modelled and
the Gaussian core is folded with the exponential tail, the uncertainties associated to the
lifetime and fractions of short-lived resonances decaying into protons (A baryons) are
accounted for by additionally including variations of the effective resonance mass of
0.2% (0.6%) and variations of the lifetimes of 2% (13%) [2].

The final systematic uncertainty on the source size is obtained by repeating the fit
procedure for all variations of the experimental correlation function and for all possible

89



4. A common Source of Baryons

combinations of the fit parameters. The p—A result is reported separately for the fit with
the wave function from LO and NLO calculations. The central value and the standard
deviation of the resulting distribution for ry are considered as the quoted radius and its
associated systematic uncertainty. The statistical uncertainty is extracted as the standard
deviation of the distribution of uncertainties obtained from the x> minimization of each
fit.

4.3.2. Results

For the assumption of a Gaussian source distribution, the p—p and p-A correlation
functions and their fits are shown for one representative mr interval in Fig. 4.13%.
The magnitude of the systematic uncertainties of the data are visualized by the gray
boxes, which represent the 10 range extracted from all the before mentioned variations
assuming a flat distribution in each k* interval. In the same way, the width of the fit
curves corresponds to the 1 range extracted from all combinations of data and fit
parameters. As discussed previously, the behavior of the p—p correlation function results
from the effects of quantum statistics, Coulomb and strong interaction. The p-A pairs,
however, are only affected by the strong interaction, which is attractive and results in
a C(k*) that is enhanced above unity. In the depicted mr interval, the fit results in a
description of the p—p (p—A) correlation function with a x?/NDF = 1.9 (0.67 (NLO) and
0.91 (LO)).

The fits are applied to the correlation functions of all mt intervals and the resulting
radii are shown in the left panel of Fig. 4.14. The solid lines represent the statistical
uncertainties, while the hashed boxes represent the systematic uncertainties. Remarkably,
even in pp collisions a decrease of the Gaussian source size with increasing mt can be
observed, which is consistent with the expectation from the hydrodynamic picture. The
common scaling, expected from the latter, is absent as it can be seen from the clear
offset between the measured source sizes of the two particle pairs. The offset appears
to be rather constant and generally shift the radii of p—A towards larger values, which
suggests that there is a difference in the emission of protons and A baryons.

As it is noted in Section 2.2, the SHM predicts a similar amount of feed-down from
short-lived resonances to protons and A baryons. The average lifetime of those decaying
toa A ((ct) ~ 4.7 fm), however, is significantly larger than those decaying to a proton
({cT) ~ 1.7 fm). As it is demonstrated in Fig. 2.4, for the same core source this produces a
significantly wider source distribution for p—A pairs than for p—p pairs and hence, offers
a possible explanation for the observed difference. Therefore, the fit of all correlation
functions in each mr interval is repeated, but instead of the Gaussian source distribution,
the Gaussian core source folded with an exponential tail is employed. The latter is
modelled according to the specific contributions of the corresponding resonances. The

2The complete set of correlation functions and fits for p—p and p-A pairs are shown in the appendix in
Fig. B.§,B.9,B.10 and B.10
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Figure 4.13.: The correlation function of p—p (left) and p-A (right) as a function of k*
in one exemplary mt interval. Statistical (bars) and systematic (boxes) uncertainties
are shown separately. The filled bands depict 1o uncertainties of the fits with Cg;(k*)
and are obtained by using the Argonne v [59] (blue), XEFT LO [66] (green) and xEFT
NLO [65] (red) potentials. See text for details.

individual fitting curves resulting from the two source assumptions are almost identical
and yield a similar 2. This is due to fact that the source distribution including the
modeling of the effect of resonances, can still be described by a Gaussian distribution.
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Figure 4.14.: Source radius 7 (=rGauss) for the assumption of a purely Gaussian source
(left) and source radius rcore for the assumption of a Gaussian source with added
resonances (right) as a function of (mt). The blue crosses result from fitting the p—p
correlation function with the strong Argonne vyg [59] potential. The green squared
crosses (red diagonal crosses) result from fitting the p—A correlation functions with
the strong xEFT LO [66] (NLO [65]) potential. Statistical (lines) and systematic (boxes)
uncertainties are shown separately.
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The resulting radii of p—p and p—A pairs for the different mt intervals are presented in
the right panel of Fig. 4.14. The solid lines represent the statistical uncertainties, while
the hashed boxes represent the systematic uncertainties. The source size becomes smaller
if the modifications due to resonances are accounted for and as already suspected, the
effect is more pronounced for p—A pairs than for p—p pairs. The radii still decrease with
increasing mT, but it is noticeable that the radii exhibit a common scaling among the
two pairs. The mass and therefore also the Lorentz factor yt due to the transverse boost
is similar for protons and A baryons, and hence this analysis of the source size in one
dimension [202] already indicates that there is a common source of these baryons and
parent resonances. Also first measurements of flow coefficients, angular correlations or
the strangeness production [171, 203-205] indicate the presence of collective effects in
high-multiplicity pp collisions, which seem to be have unexpected similarities to heavy-
ion reactions. In the future, detailed studies of the mt dependence of the core radius of
other pairs, in particular including mesons e.g.,;7—7 pairs, will enable complementary
investigations of collective phenomena in small collision systems. In particular for this
work, this result can be used to constrain the particle emitting source of p-E~ pairs,
which will be discussed in the next chapter.
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p—E~ pairs

The study in the previous chapter provides the necessary constraints to determine
the source distribution S(r*) of p-E~ pairs. This way, the sensitivity of the corre-
lation function to the interaction of these two particles can be fully exploited. The
measurement is performed in two independent collision systems, MB p-Pb collisions
at \/s\n = 5.02 TeV and HM pp collisions at /s = 13 TeV. Modifications of the
measurement due to experimental effects are investigated and are taken into account in
a comparison to theoretical predictions. It will be demonstrated that an attractive strong
interaction between the proton and the Z~ is necessary to reproduce the measured
correlation function. Further, the predictions of this interaction by lattice calculations
performed by the HAL QCD collaboration [71] are corroborated by a comparison to the
data. These studies are also summarized in the corresponding publication, see [176] and
[77].

5.1. p—&~ correlation function

As for the p—p and p—A correlation function, the analysis of the p—=~ correlation function
needs to take into account modifications of the measurement due to experimental effects.
These can either be incorporated in the modelled correlation function or taken into
account by correcting the measured correlation function. The former is the standard
approach that is also used in the study of the source properties presented in Chapter
4 and is employed in the analysis of the data set collected from MB p-Pb collisions.
The latter approach is followed during the analysis of HM pp collision, to provide
experimental correlation functions that can be directly compared to different model
predictions in a more straightforward way.

5.1.1. Normalization and Multiplicity re-weighting

As discussed in Section 4.1.1, the normalization factor N between the same and mixed
distributions is calculated within 240 < k* < 340MeV /c. Then, the factors for the re-
weighting of the mixed event multiplicity distribution are computed in the region 200 <
k* < 900MeV/c. The resulting p-Z~ and §—§+ correlation functions for both collisions
systems are depicted in the left and right panel of Fig. 5.1. As it can be seen from the
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Figure 5.1.: The p—-Z~ (magenta points) and f)—EJr (green points) correlation function
and their ratio (orange points) which for better visibility is scaled by a factor of 0.75
for p-Pb MB collisions at /sx\y = 5.02 TeV (left panel) and pp HM collisions at
Vs = 13 TeV (right panel).

ratio between the two, the correlation functions agree within uncertainties. They are
combined and hence further on p—Z~ denotes the combination p-E~ @ ﬁ—EJr. Already
at this point, it can be observed that at k* — 0 the C(k*) features an enhancement above
unity. The amplitude of the signal is slightly more pronounced for the measurement
in HM pp collisions, which is expected due to the decreased source size, see Sec. 4.3.2
and 4.2.2. The observed enhancement above unity is indicative for presence of final
state effects among the proton and the Z~, which are attractive. In the following, it
will be investigated if the Coulomb interaction, which among the oppositely charged
particles is attractive, is sufficient to describe this signal or if there has to be an additional
contribution by the strong interaction.

5.1.2. Detector Effects

The resolution of the k* measurement is obtained in a MC-based study by comparing
the simulated to the generated relative momentum of the particle pair. As for the study
of p—p and p-A correlations, discussed in Section 4.1.2, the population of entries in
the momentum resolution matrix is enhanced by using pairs of particles from several
different events. The resulting distribution of true and reconstructed k* values measured
in MC events anchored to HM pp collisions at /s = 13 TeV is depicted in Fig. 5.2. The
distribution has similar features as that of MC events anchored to p-Pb collisions at
Vsnn = 5.02 TeV, which can be found in Fig. B.7 in the appendix. In the analysis of
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Figure 5.2.: Correlation between the true relative momentum (k) and reconstructed
relative momentum (k;,..,) of p—=~ pairs. Evaluated with MC events anchored to HM
pp collisions at y/s = 13 TeV. For MB p-Pb collisions at \/syn = 5.02 TeV see Fig. B.7.

MB p-Pb collisions at /sy = 5.02 TeV, the modelled correlation function is smeared
according to the finite resolution utilizing Eq. 4.2. In the analysis of HM pp collisions at
v/s = 13 TeV the measured relative momentum distributions of same and mixed events
are unfolded by inverting Eq. 4.2. Since this procedure includes a matrix inversion,
which typically lacks any analytic solution, numerical methods have to be employed.
The most intuitive example of such a method is the bin-by-bin unfolding of a histogram
that covers a certain range and which is filled by measuring an observable several times.
The histogram then consists of several bins i with entries N(i), where 0 <i < M and
M is the last bin of the histogram. A multiplicative correction factor a; > 0 is assigned
to each bin and assigned a random value. This 4; is then multiplied with the contents
of each bin N(i) to obtain a corrected histogram. In order to evaluate the quality
of the guess for a;, the corrected histogram is smeared for the finite resolution and
compared to the measured distribution. In case of a k* distribution, this means that the
momentum resolution matrix is applied by using Eq. 4.2. In practice, the measurement
is unfolded by a fit, which is used to determine the optimal values of the parameters
a; by minimizing the difference between the measured and the corrected and smeared
histogram. There are more sophisticated approaches that also account for the migration
of counts between the individual bins or so-called misses, when an event is not observed
due to detection inefficiencies. These methods are typically applied to investigate signals
that are not only smeared due to a limited resolution but also suppressed by background
contributions. Several different algorithms are implemented in a C++ framework called
RooUnfold [206, 207]. The so-called RooUnfoldResponse stores the distributions to
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relate the measured value of an observable to its true value as well as the distribution
of the detection efficiency. This container can be either filled directly in MC generated
events by passing pairs of the reconstructed and true values of an observable or by using
the momentum resolution matrix. This analysis follows the latter approach, but in order
to be able to investigate systematic effects of the unfolding related to the measurement
of the resolution matrix, it is not used directly. Instead, the momentum resolution matrix
is projected on the kj.., axis in intervals of ki, with a width of 0.005GeV/c. In each

reco true
interval of k. the projection is fit by a so-called folded normal distribution, which is
defined as the sum of two Gaussian functions G with equal width ¢ but opposite mean
. For two intervals, ki, < 0.005GeV/c and 0.025 < ki, < 0.030GeV/c, the projection
and the fit is shown in Fig. 5.3. In particular in the lowest k. interval, it is necessary to
use a folded normal distribution instead of simple Gaussian in order to properly describe
the distribution. This is due to the definition of k* as the absolute value of the difference
between two momenta, which means that counts at negative values are reflected to

their positive values. The center value of each ki, interval and a value sampled
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Figure 5.3.: Projection of the momentum resolution matrix as a function of kj.., in two

intervals of k. and parameterization by a folded normal distribution (magenta curve).

according to the obtained parameterization are used to setup the RooUnfoldResponse
with pairs of (kfiye, kieco)- The number of pairs is chosen such that the distribution
of kj.., values reproduces the behavior of the mixed event distribution measured in
data. In this analysis, the iterative Bayesian unfolding [208] is used as a default, since
it is straightforward to handle and provides the most stable results, even when the
binning of the momentum resolution matrix and/or correlation function is varied. This
method estimates the initial counts from the posterior probability that is computed
from the measured distribution and probabilities stored in the RooUnfoldResponse by
using the Bayes theorem [50]. The procedure has to be repeated for several iterations
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Figure 5.4.: The p—-Z~ correlation function (left panel) before (blue points) and after
(magenta points) unfolding with the k* distributions of same and mixed events with the
Bayes method as well as the ratio between the two (right panel).

until a stable posterior is obtained. The authors of RooUnfold state that a reasonable
performance is achieved without fine-tuning the number of iterations [207]. Indeed,
after applying more than two iterations the resulting unfolded k* distributions of same
and mixed events are found to change by few percent, after more than six iterations,
however, the uncertainties are observed to increase. In the following a value of four
iterations is used as a default, since it is found to minimize the difference between the
reconstructed and the true k* distribution in a Monte Carlo based study. Figure 5.4
shows the correlation function before and after unfolding the k* distributions of same
and mixed events p-E~ pairs in HM pp collisions at y/s = 13 TeV. It should be noted,
that the unfolding is applied to the k* distributions binned in intervals of 5MeV/c. The
counts of four consecutive bins are then summed up and the final result is reported
in intervals with a width of 20 MeV /c. The modifications of C(k*) are only minor and
the results before and after the unfolding agree within their respective uncertainties. In
order to investigate systematic uncertainties related to the unfolding algorithm, also the
bin-by-bin unfolding and the iterative dynamically stabilized unfolding (IDS) [209] are
employed. The IDS method [209] inverts the momentum resolution matrix and takes
into account the migration of counts among different bins. In order to increase the
sensitivity to signals covered by a background, the measured distribution is compared to
the expectation, e.g. as it is stored in the RooUnfoldResponse!. A probability is assigned
to the counts of each interval based on their deviation from the background with the
help of a regularization function, where a regularization parameter steers the sensitivity

1In case of the momentum resolution matrix, this is the projection on the kg, ,-axis
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5. Observation of the strong interaction of p—E~ pairs

of this function. During the unfolding, this probability is used to control how far entries
can migrate in order to keep signal counts accumulated. The distribution is unfolded in
multiple iterations, where the regularization parameter decreases steadily the sensitivity
of the regularization function in order to remove statistical fluctuations. In this analysis,
the unfolded k* distributions of same and mixed events in MC and experimental data
are both found to be rather insensitive to the number of iterations, but the uncertainties
start to increase after more than five iterations.

5.1.3. Description of the non-femtoscopic baseline

After applying the corrections for the finite momentum resolution, the presence of
a non-femtoscopic baseline is investigated. The broad structure related to mini-jet
background in the k* region below 1GeV /¢, as it is typically observed pairs including
mesons or pairs of baryons and anti-baryons [107, 114], is in general found to be
suppressed for baryon-baryon pairs [23]. Figure 5.5 shows the correlation functions in
pp collisions at /s = 13 TeV for both data and MC. The correlation function in MC
generated events has larger uncertainties than the one measured in data. In the region
k* 2 200 MeV /¢, both correlation functions show only slight deviations and are almost
flat. In the femtoscopic region, k* S 200 MeV /¢, the correlation function measured in MC
generated data (green points) is consistent with unity within the statistical uncertainties,
while the measurement in data (magenta points) exhibits the femtoscopic p—Z~ signal.
In principle, in this region energy and momentum conservation can introduce a baseline
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Figure 5.5.: p-Z~ Correlation function measured in HM pp collisions at /s = 13 TeV
(magenta points) and measured in MC generated events anchored to the same data
(green points).
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5.1. p—E~ correlation function

described by a linear function, as it is discussed for the study of p—p and p-A pairs in
Sec. 4.1.3. The uncertainties of the MC based study, however, are too large to clearly
exclude or identify the presence of any structure in this region.

5.1.4. Source Distribution

The study of the interaction via the two-particle correlation function is only feasible
if the source distribution in Eq. 2.7 is sufficiently constrained. In the following, the
model of a common Gaussian core source modified by resonances, as it is described
in Sec. 2.3, is used to obtain the S(r*) of p—-E~ pairs. In Chapter 4 the core radius as a
function of my is measured from p—p correlations in HM pp collisions at /s = 13 TeV.
A parameterization by rcore = a - m% + ¢, which is shown by the green curve in Fig. 5.6
and was taken from [10], is then used to obtain an interpolation between the measured
points. The width of the band represents the 3¢ limits of this parameterization taking
into account statistical and systematic uncertainties of the measurement. The average
(mt) of p—-E~ pairs is 1.9GeV/c, which consequently yields a core radius of rcore
=(0.93 £ 0.04) fm. The Gaussian core source has to be convoluted by an exponential
function that describes the modifications by short-lived resonances decaying into a
proton or a Z~. Therefore, it is necessary to estimate their contribution to the yield of
the respective particles. For protons this is already discussed in the context of Tab. 2.1.
The same SHM calculations as used for protons predict that only a few hadrons decay
into a &7, all of which have lifetimes of ¢t 2 20 fm. Due to their live long lifetime, these
particles introduce no modifications of the source distribution and instead introduce a
residual signal to the measurement. As it will be discussed later, these contributions are
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1.2+ I ©F p-p Argonne v, —
- . [ Parametrization .
T - )

08 " " 1 1 1 N N N N 1 N N " 1

1 15 2 2.5
m- (GeV/c?)

Figure 5.6.: Parameterization of the source size 7o as a function of mt by a power
function [10].

99
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Figure 5.7.: Source distribution S(r*) of p-E~ pairs for a Gaussian core source with a
size of 0.93 fm and added resonances due to their contributions to the selected protons
(open circles). Gaussian fit (solid line) to extract an effective source size of 1.02 fm.

instead taken into account as secondaries by the A parameters. Hence, only short-lived
resonances decaying into protons cause a modification of the p—=~ source. In Fig. 5.7
the resulting source distribution is shown for a core source size of 7¢ore = 0.93 fm by the
open circles. A fit is used describe this distribution by a Gaussian function as defined in
Eq. 2.9 and an effective Gaussian source size of 1.02 fm is extracted. As expected, the
modifications of resonances lead to an overall widening of the Gaussian core source,
which leads to a larger effective source size than core source size.

In MB p-Pb collisions, an mT integrated source size of 7gauss = 1.427 fm is measured from
p—p correlations. At the time of the study of the corresponding p—Z~ correlation function,
only a preliminary version of the source model including the description of resonances
was available. It was estimated that the source distribution of p-Z~ pairs is narrower
and its size might be decreased by up to 20%. This can now retrospectively be evaluated
from the study in HM pp collisions. A Gaussian source size of approximately 1.2 fm is
extracted from the measurement of the mt integrated p—p correlation function [25]. As
it was just demonstrated, the effective size of the source distribution of p—=~ pairs is
1.02 fm, which is decreased by almost 20% compared to the Gaussian source size of p—p
pairs.

5.1.5. Genuine and Residual correlations

The sample of selected protons and Z~ baryons is contaminated by impurities due
to misidentifications of the candidates and by feed-down from longer-lived decays.
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5.1. p—E~ correlation function

Hence, the measured p-E~ correlation function contains not only the genuine signal
of p—E~ pairs, but also additional signals due to residual correlations. Following the
discussion of Section 4.1.4, the latter are taken into account by summing the correlation
functions weighted by their relative contribution to the total pair yield, the so-called A
parameters [14]. They are calculated by using the purity and feed-down fractions of
protons and E~ baryons, which are discussed in Section 3.6.3 and 3.6.5, respectively.
It should be noted, that the feed-down fractions account for longer-lived decays (cT 2
20fm), which are expected to live long enough to introduce themselves a residual
correlation signal. Short-lived decays are taken into account as modifications to the
source distribution. Table 5.1 shows them for both collision systems, HM pp collisions
at /s = 13 TeV and MB p-Pb collisions at /sxy = 5.02 TeV.

Genuine Correlation

Table 5.1 shows that the A parameter of the genuine p—-Z~ pair is the largest and
its associated signal is expected to dominate the measurement. The corresponding
correlation function is computed considering different instances for the p—Z~ interaction.
Since the strong interaction among a proton and a &~ baryon was never directly observed
and the two particles carry an opposite electromagnetic charge, the null hypothesis
is given by considering solely the attractive Coulomb interaction. Predictions of the
p—Z~ interaction via the strong force are currently available from x EFT [146], from
the ESC16 meson exchange model [14] and by lattice calculations from the HAL QCD
collaboration [71]. The authors of the x EFT calculations provide the wave-function only

Table 5.1.: Weight parameters of the individual components of the p—E~ correlation
function in pp HM collisions at /s = 13 TeV (p-Pb MB collisions at /sy = 5.02 TeV).
Misidentifications of particle species X are denoted as X and feed-down contributions
have the parent particle listed as a sub-index. For the contributions in bold text, the
correlation functions are modelled according to the interaction potential, while the
others are assumed to be flat.

Pair Ai (%) | Pair Ai (%)
p—= 58 (51) | pz+—Eg (1530) 0 (1)
p 357(1530) 7 (8) pr+—Eq 0 (0)
p 350(1530) 13 (16) | p-&~ 0 (0)
P—Zq (D) p_ng(wso) 0(0)
pA-E" 8(6) | P-Eaisno) 0(0)
PA—E£7(1530) 1(1) f?—%g} 0 (0)
pA_E£0(1530) 2 (2) p—E: 7 (8)
PA—Eq- 000) | pa—= 1(1)
pr+-E- 12) | pp-& 0 (0)
p2+—E§,(153O) 0 (0) p—=- 0 (0
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Figure 5.8.: Predictions for the E-nucleon potential by the HAL-QCD Collaboration for
the different spin (S) and isospin (I) states based on the parameterization proposed in
[71]. The error bands refer to different Euclidean times considered in the calculation.
The inset shows the correlation function computed with the central value of the potential
for each of the different states and a source radius of 1.4 fm.

without considering the Coulomb interaction and hence can not be tested. The ESC16
model has its p—E~ potential tuned to be repulsive, since the formation of bound states is
supposed to be suppressed for |S| # 0. As discussed in Chapter 2, this repulsion results
is expected to result in a suppression of the correlation function below the Coulomb
hypothesis. The lattice calculations by the HAL QCD collaboration yield local potentials
V(r) for the individual isospin and spin channels of the NE interaction [71], which are
depicted in Fig. 5.8. The width of the curves reflects the uncertainties due to different
ratios between the spacing of the lattice grid 4 and the euclidean time ¢, where besides
the default t/a = 12, the potentials are available for t/a = 11 and t/a = 13 [16, 71]2. All
isospin and spin channels feature a repulsive core at r — 0 and an attractive pocket at
intermediate particle distances. All potentials quickly converge to zero for distances
r > 2fm as typically observed for the short-ranged strong interaction. The inlet of
Fig. 5.8 depicts the resulting correlation functions for a Gaussian source distribution
with a size of 1.4 fm. The inlet illustrates the unique feature of collision systems with
small source sizes. Even though the potentials of the different channels are similar at
distances r > 1.5 fm the resulting correlation functions differ significantly and hence,
femtoscopy in pp or p—Pb collisions provides the means to test potentials even at small
relative distances.

In order to compute a prediction for the measured p—=~ correlation function from these

2The lattice spacing stays fixed, however, the cut off in time or the so-called sink-time, were the
observables are estimated is changed.
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5.1. p—E~ correlation function

potentials, it has to be considered that both the proton and the E~ baryons are spin and
isospin 1/2 particles. Therefore, the pairs can be observed in four different states with
isospin I = 0 or I =1 and spin S = 0 (singlet) or S = 1 (triplet). The genuine p—Z~
correlation function for L = 0 (s-wave), can be written taking into account statistical
weights of different isospin and spin states

1 3

C,_m- = 3Cn—=(l=0,5S=0)+Cn—=z(I=0,5=1)
+ gCN—E(I =1, 5= 0) + gCN—E(I =1,5= 1),

since particles in high energy collisions are produced without a preferred isospin or
spin direction.

In principle, the pairs in the |S| = 2 sector, as they are listed in Table 2.2, can couple
among each other. A strong coupling between pE~ pairs and the heavier AX? or
XY pairs would imply a cusp in the p—-=~ correlation function at k* ~ 230MeV/c
and k* ~ 380MeV/c, respectively. The measured correlation function, e.g. depicted
in Fig. 5.5, shows no indication for such a behavior at the corresponding k*. Hence,
modifications of C(k*) due to the coupling in these channels, especially in the region
k* < 200MeV/c, can be neglected [65]. Below the threshold it is possible for the pE~
pairs to couple to the lighter AA pair, if they are in the 15, state [65], and the n=° pair.
The analysis of the A—A correlation function by the ALICE collaboration [39] could not
find any indication for a cusp and the measurement further confirmed the scattering
parameters of the A-A interaction predicted by the HAL QCD lattice calculations,
which imply only a weak coupling between these two pairs [71]. The measurement
of the n-Z° correlation function is impossible since ALICE is unable to detect neutral
neutrons. In the context of theoretical calculations, a discussion of the effects of coupling
between the different channels in a quantitative way is so far only available on the
basis of x EFT [146], however, without considering the effect of the Coulomb interaction.
Lattice calculations [71] take into account the coupling among the different pairs and
the off-diagonal elements of the |S| = 2 sector are available in order to define the full
equation system of Eq. 2.18. At the moment, however, no numerical solver is available
to compute the corresponding ¥ (k*,7*) and hence C(k*), but there is an ongoing effort
to extend previous work from the KN sector to the |S| = 2 sector [145, 210]. Preliminary
results, where also the Coulomb interaction is taken into account, predict only minor
modifications of the correlation functions due to the coupling between pZ~ and nZ° of
less than 5%.

In the following, the single-channel Schrodinger Equation is solved by CATS in order to
compute the prediction for the correlation functions and the off diagonal contributions
are neglected. Nevertheless, coupled channel effects are at least partially taken into
account, since their presence also influences the computation of the diagonal potential
elements. In Fig. 5.9 the correlation functions relevant in the following discussion
are computed for a Gaussian source distribution with a size of rgauss = 1.02fm. The
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Figure 5.9.: The genuine p—=~ correlation function, when only the Coulomb interaction
(green curve) and the Coulomb and strong interaction is considered. For the latter the
local potentials from the HAL QCD lattice calculations [71] (magenta curve) and the
ESC16 model [14] (blue curve) are used. The source function is assumed to have a
Gaussian shape with a size of rgauss = 1.02 fm.

attractive nature of the Coulomb interaction between two particles with opposite charge
alone results in the enhancement of C(k*) (green curve) above unity. The strong
interaction, included by considering the attractive lattice potential in the Schrodinger
Equation, leads to an enhancement of C(k*) (magenta curve) above the Coulomb only
case. In contrast, the ESC16 potential predicts a repulsive strong interaction and
consequently leads to a depletion in the intermediate k* range. Without a detailed
comparison, it can already be seen that this is clearly not reproduced by the measured
correlation function.

Residual Correlations

The selected sample of =~ baryons is contaminated by misidentified cascade candidates.
The corresponding residual contribution is evaluated in a data driven way by conducting
the analysis in the side-band region, next to the signal. Instead of selecting cascade can-
didates around the invariant mass of the 2~ (M- = (1321.7 & 5.0) MeV /c?), they are
selected above (Mp - = (1368 4- 28) MeV/c?) and below (M, = (1282 4 28) MeV /c?)
this region3. The results are normalized within 400 MeV /c < k* < 600 MeV /c and are
averaged to properly represent the background in the signal region. The correlation
function measured in this way is depicted in Fig. 5.10 and the shape is expected to be

3The high purity of the Z~ selection requires a rather wide window in order to select a sufficient
amount of pairs
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Figure 5.10.: Correlation function C5_z_ (k*) measured by using protons and cascade
candidates from the invariant mass region outside of the Z~ selection interval in HM
pp collisions at /s = 13 TeV. The fit function is defined as the sum of an exponential
function and a polynomial of second order.

at least partially introduced by correlated p—A pairs that are subsequently smeared by
the random momentum of an unrelated 7w meson [10]. Any kinematic bias, due to the
selection of candidates in a different invariant mass region, is found to be negligible.
For a stable extrapolation to the final binning of the measurement, it is fit by a function
composed of the sum of an exponential function and a polynomial function of second
order, which is depicted by the pink line. The nature of the strong interaction of the
proton and the Z(1530) resonances is unknown. The feed-down contributions of pairs,
which interact purely via a moderate strong force, are rather flat, as it was seen from the
discussion residual correlations of p—A pairs to the p—p correlation function in Section
4.1.4 and Fig. 4.9. Therefore, only the Coulomb interaction between the P—Ez- (1530
is taken into account. This correlation function is modelled with the same radius as
the p—E~ pairs and is transformed according to the kinematic of the decay simulated
with GENBOD [194]. All residual contributions are depicted in Fig. 5.11, the green and
blue curves correspond to the side band contribution and the p-Z~(1530) contribution,
respectively. The dashed curve depicts the respective correlation signal transformed
into the p—Z~ momentum basis, the solid curve the residual correlation function scaled
by the specific A parameter. In both cases, it can be seen that at low k* the residual
contributions are only minor compared to the total measured signal .
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Figure 5.11.: The correlation functions of residual contributions due to the contamination
of the selected &~ (blue curves) and the p—-E~ (1530) pairs (green curve) in HM pp
collisions at /s = 13 TeV before (dashed lines) and after (solid lines) scaling by their
respective A parameters.

5.2. p—Z~ correlations in MB p-Pb collisions at
v/ SNN — 5.02 TeV

At this point the measured correlation function is compared to the theoretical expectation.
In the analysis of the data set recorded from MB p-Pb collisions at \/syn = 5.02 TeV,
which are published in [176], the corrections are applied to the prediction and the
modelled correlation function is written as

Cmodel,p—E’ (k ) =1+A - (C

bz (Cps (k) = 1) + Ay s (Coa (K) — 1)+
) -

(Coz. _ (K)=1).

~(1530) Z7(1530)

(5.2)

The result is smeared for the momentum resolution via Eq. 4.2 and the non-femtoscopic
baseline is taken into account by the total correlation function, written as

Ctot,p—E’ (k ' ) = Chon-femto (k . ) ) Cmodel,p—Ef (k ' ) : (5:3)

By default Chon-femto(k*) = a is a constant, which is fixed by a fit of the measured
correlation function outside of the femtoscopic signal in the region 250 MeV /¢ < k* <
450 MeV /c. As discussed in Sec. 5.1.3, a linear shape of Cpon-femto (k™) can not be excluded
and is therefore taken into account as part of the systematic variations.
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5.2.1. Evaluation of Systematic Uncertainties

The systematic uncertainties associated with the selection of single particles are evaluated
by repeating the analysis for individual variations of the single particle selection criteria.
The ranges that are used for the different variables related to the selection of protons are
reported in Table 4.2 and those of =~ baryons in Table 5.2. In order to avoid any bias by
statistical fluctuations, the variations of the criteria were chosen such as to change the
single particle yield of protons and Z~ baryons by less than £15% and the systematic
uncertainties are evaluated in intervals of 200 MeV /c width in k*. For each variation of
the selection criteria the relative difference between the measured correlation function
and the default one is calculated. Whenever this results in two systematic uncertainties,
i.e. by a up and down variation, the average value is used. The relative uncertainties of

Table 5.2.: Systematic variations of the &~ selection criteria in MB p-Pb collisions at

vVSNN — 5.02 TeV.
Selection Criteria Default Variation

Child track selection criteria

Max. |7] 0.8 down 0.7
up 0.9

Min. DC Axy to PV (cm) 0.05 down 0.04
up 0.06

Max. DCAyy to cascade vertex (cm) 1.6 down 1.3
up 1.9
down 1.3

0

Max. DCA,y to V' vertex (cm) 15 o

Max. n, for PID 4 down 3
up 4.5

V0 selection criteria

Min. cosa 0.97 up 0.99

Min. transverse radius (cm) 1.4 down 1.1
up 1.7

Min. DCAXy to PV (cm) 0.07 down 0.06
up 0.08

Cascade selection criteria

Min. cos« 0.98 up 0.985
up 0.99

Min. transverse radius (cm) 0.8 down 0.6
up 1.0

i up 0.8
Min. pr (GeV/c) 0.3 up 1o
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all variations are summed in quadrature and extrapolated to the finer binning by fitting
a polynomial of second order. The so obtained systematic uncertainties are the largest
in the lowest k* bin, where they amount to about 3.2%.

The modeling of the correlation functions for both the Coulomb only case and the
Coulomb + lattice case has an uncertainty related to the source distribution and the
estimation of the baseline. Per default, the Gaussian source of p—Z~ pairs is assumed
to have a size equal to that of p—p pairs, where the analysis of the correlation function
yields a central value of rGauss = 1.427 fm [176]. The uncertainties of this assumption
are associated with the statistical and systematic uncertainties of the measurement, but
also with differences between the source distributions of p—p and p—Z~ pairs due to
modifications by strongly decaying resonances. As discussed in Sec. 2.2, the source size
of p—E~ pairs is estimated to decrease by as much as 20% when compared to that of p—p
pairs. Therefore, this difference with respect to the default value is added in quadrature
with the statistical (0.007 fm) and systematic (0.014 fm) uncertainties in order to estimate
the lower boundary of the radius (rgauss = 1.141 fm). The upper boundary of the radius
is estimated from the squared sum of statistical (0.007 fm) and systematic (0.007 fm)
uncertainties (rGauss = 1.434fm). A possible contribution to the correlation function
due to energy and momentum conservation, is estimated by replacing the constant
baseline (Cpon-femto (k*) = a) by a linear one (Cpon-femto (K*) = a + b - k*). Also the baseline
parameters are varied within their uncertainties evaluated from the x> minimization. In
case of the linear baseline the correlation between the parameters a and b is taken into
account by using their combined minimum and maximum values along the x?/n.d.f. = 1
contour. The baseline parameters and their variations are summarized in Table 5.3. The A
parameters are varied by altering the measured production cross section of the &~ (1530)
baryon by 20%. Additionally, the normalization range for the measurement of the p—=~
side-band background was varied to 450 < k* < 650 MeV /¢ and 500 < k* < 700MeV /c.
Variations of the invariant mass region where the side-band candidates are selected, are
found to have a negligible influence. The uncertainties related to the lattice calculations
are evaluated by recalculating ¢ (k*,7*) for the potentials with /a4 = 11 and 13. The
predictions of Cyyp, = (k*) for all these variations are computed and bin-by-bin the
minimum and maximum value of C(k*) is used to evaluate the 1o uncertainty, where a
uniform distribution was assumed.

Table 5.3.: Default parameters and their systematic variations for the constant and linear
baseline.

a b x10° (MeV/c)™!
Constant 0.989 +0.005 | 0
Linear default | 1.010 -5.647
up 0.977 3.379
down | 1.044 -0.0001
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5.2.2. Results in p-Pb collisions

In Fig. 5.12 the measurement of the p—-Z~ correlation function and the comparison to
the prediction for the Coulomb only (green curve) and for the combination of Coulomb
and strong interaction (orange curve), described by the lattice calculations, is presented.
The 10 uncertainty obtained from the systematic variations of the data selection is
represented by the gray boxes, the uncertainty due to the modeling is shown by the
width of the respective curves. The measured data by itself exhibits a clear enhancement
above unity, which corresponds to an attractive interaction. It can be clearly seen
that this trend is not reproduced by the prediction for the Coulomb only case (green
curve). Moreover, the incompatibility can be quantified by the number of standard
deviations nco. In several thousand iterations a new correlation function is sampled at
each bin center within ki < 140MeV /c from a Gaussian distribution, where both the
mean and the width are fixed to the measured value C(k) and the magnitude of the
systematic uncertainties. Each time, the x? value is computed for the upper and the
lower limit of the model prediction taking into account the statistical uncertainties and
then converted into a p-value and a no value. As a result the Coulomb only hypothesis
is excluded by 3.6 to 5.3 standard deviations. The difference can only be explained by
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Figure 5.12.: The p—E~ correlation functions shown as a function of k* in MB p-Pb
collisions at /sy = 5.02 TeV [176]. Statistical (bars) and systematic uncertainties
(boxes) are shown separately. The widths of the filled bands correspond to one standard
deviation of the systematic error of the fit. The HAL QCD curve uses potentials obtained
from [71]. The dashed line shows the contribution from misidentified p—=~ pairs from
the side-bands scaled by its A parameter.
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a missing attractive interaction, which for the p—=~ pair can only originate from the
strong interaction. Hence, from this measurement, the presence of the attractive nature
of the strong interaction among a proton and a Z~ baryon becomes evident for the first
time [176]. Furthermore, the lattice calculations, which describe this strong interaction,
are tested by comparing their prediction to the data. The same procedure was used to
calculate the corresponding no values and were found to range from 1.8 to 3.7, and are
hence in agreement with the measurement. Before discussing the implication of this
measurement in the context of neutron stars, a second measurement of the correlation
function is presented.

5.3. p—Z~ correlations in HM pp collision at 4/s = 13 TeV

The study of the p—-E~ interaction via the measurement of the correlation function is
extended to HM pp collisions at /s = 13 TeV, published in [77]. The increased number
of pairs and the stricter constraints of the source distribution are used for a comple-
mentary measurement and for a further test of the lattice calculations. The correlation
function is unfolded for experimental effects and the genuine p—E~ correlation signal is
extracted in order to provide correlation functions that can be directly compared to any
theoretical prediction.

Before the measured correlation function is computed, the k* distributions of same
and mixed events are unfolded for the effects of the finite momentum resolution with
the Bayes method, as reported in Section 5.1.2. The non-femtoscopic background
Chon-femto (k") = a is then constrained by a fit of C(k*) within 500MeV/c < k* <
800MeV /c. The residual correlations are modelled following the procedure outlined
in Section 5.1.5. At this point, the description of the measured correlation function
Ciotp-z- (k*), given by Eq. 5.2 and Eq. 5.3, is solved for Cp—z-(k*) and the genuine
correlation function is extracted.

5.3.1. Evaluation of Systematic Uncertainties

Due to the development of nanoAODs?, the systematic uncertainties of the single
particle selection criteria could be estimated more accurately by taking into account
correlations between them. The individual variations of the latter are reported for
protons in Table 4.3 and E~ baryons in Table 5.4. The analysis is performed over the
same data set in parallel 45 times, where in every single iteration the default, up or
down value of each selection criterion is picked at random. With respect to the default,
the variations alter the pair yield by a maximum of 20% and the purity of the selected
cascade candidates by less than 3%. Additional to the correlation function measured for
the default selection criteria of p—Z~ pairs, 44 variations of the correlation function are

4These is a filtered datatype, where only variables required for femtoscopic analysis was extracted from
the standard data format (AODs)
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Table 5.4.: Systematic variations of the Z~ selection criteria in HM pp collisions at
Vs = 13 TeV.
Selection Criteria Default  Variation

Child track selection criteria

down 0.77
Max. |7| 0.8 up 0.83
Min. DCAyy to PV (cm) 0.05 0.06
Max. DCAy to cascade vertex (cm) 1.6 down 1.3
up 1.9
down 1.3
0
Max. DCA,y to V* vertex (cm) 1.5 down 14
Max. n, for PID 4 down 3
up 4.5
V0 selection criteria
Min. cos & 0.97 down ~ 0.96
up 0.99
Min. transverse radius (cm) 14 1.7
. down 0.06
Min. DCAyy to PV (cm) 0.07 up 0.08
Cascade selection criteria
Min. cosa 0.98 0.99
. . down 0.6
Min. transverse radius (cm) 0.8
up 1.0
. up 0.8
Min. pr (GeV/c) 0.3 up 10

available for the further analysis. The uncertainties related to the selection criteria are
estimated individually in each k* bin from the minimum and maximum value of C(k*)
from all those variations by assuming a uniform distribution of C(k*) in each k* interval.
This yields the relative uncertainty as it is depicted in the top left panel of Fig. 5.13,
which reaches a maximum value of about 5% in the first measured k* interval.

Furthermore, uncertainties due the shape and the estimation of the parameters related
to the baseline Cpon femto (kK*) are considered. The constant factor Cponfemto (K*) = 4 is
replaced by a linear function Chopfemto(kK*) = a + b - k* and the fit range, where the
parameters a and if needed b are estimated, is varied. Therefore, the lower (upper)
boundary is increased up to 800 MeV /c (decreased down to 700MeV/c) in steps of
100 MeV /¢, while ensuring that the fit range of the baseline covers a minimum width of
200MeV /c. In each k* bin the uncertainty is computed from the minimum and maximum
value of C(k*) from all possible combinations assuming a uniform distribution. The
resulting relative systematic uncertainty is depicted in the top right panel of Fig. 5.13,
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Figure 5.13.: Overview of the different source of systematic uncertainties related to
the measurement of the genuine p—=~ correlation function in HM pp collisions at
Vs = 13 TeV. The different contributions are classified in those related to the selection
of single particles (top left), to the estimation of the baseline (top right), to the unfolding
for the finite momentum resolution (bottom left) and to the unfolding for the residual
correlations (bottom right). The results are smoothed by fitting a function composed of
an exponential function multiplied by a linear function, if the corresponding pink curve

is shown.

which reaches a maximum value of 7.3% at k* = 75MeV /c.

Moreover, uncertainties related to the unfolding for effects of the finite momentum
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resolution are analyzed. For the Bayes method, the number of iterations are increased
and decreased by up to two. The algorithm of the unfolding is varied by employing
the bin-by-bin as well as the IDS method instead of the Bayes method. Also for the
latter the parameter defining the number of iterations is varied between 0 to 4. In this
context also the uncertainty related to the momentum resolution matrix is taken into
account. Therefore, a response function is filled with pairs sampled from a folded
normal distribution, where the mean and width are varied within their respective
uncertainties. For each k* bin, the minimum and maximum value of C(k*) from all
possible combinations is computed and the systematic uncertainty is extracted by
assuming a uniform distribution. The relative systematic uncertainty is depicted in
the bottom left panel of Fig. 5.13, which reaches maximum value of 3% in the first k*
interval.

Last but not least, the systematic uncertainties due to the description of the residual
correlations are estimated. The production fractions of the £~ (1530) resonance and
the ()~ are varied individually within the uncertainties of their measurement, which
amount to approximately £20% [182, 183, 188-191]. Further, also the uncertainty due
to the contribution of misidentified cascade candidates is estimated by normalizing
the k* distributions of p—-5~ pairs in the region between 450 < k* < 650 MeV/c and
500 < k* < 700MeV /c. Variations of the invariant mass region region, where the =~
candidates are selected, can be neglected®. The uncertainty is computed individually in
each k* bin from the minimum and maximum variation of C(k*) assuming a uniform
distribution. The relative systematic uncertainty associated with these variations is
presented as a function of k* in the bottom right panel of Fig. 5.13, which reaches a
maximum value of 2% in the lowest k* bin.

All relative systematic uncertainties except the ones related to the baseline are smoothed
by a fit function composed of an exponential function multiplied by a linear function, as
represented by the magenta curve in Fig. 5.13. The total systematic uncertainty is then
calculated as the quadratic sum of the individual contributions. It is the largest in the
first k* interval and amounts to about 8.4%.

The uncertainties associated to the predictions are solely related to those of source and
of the model itself. In order to evaluate the former, the core radius is varied by £0.04 fm,
which yields a variation of the effective source of 7o = (1.02 +0.05) fm. The HAL QCD
potential is available for three different sink-times [71], corresponding to different values
of t/a. At the time of this study, the HAL QCD collaboration additionally provided
23 Jackknife variations [211] for the potential at each individual ¢/a. The Jackknife
method estimates the uncertainty of an observable from the same sample by computing
it several times, where each time one or more different elements of a sample are ignored.
The variations of the predictions due to (i) the uncertainty of the radii, (ii) the different

5Pairs, where the cascade candidates were selected in four different regions that varied in both width
and position, create an absolute spread of AP_E,(C (k*) — 1) of 0.04, which corresponds to a relative
difference of less than 1% to the total measured correlation function.
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t/a and (iii) Jackknife variations were computed independently. For (i) and (ii) the
resulting uncertainties with respect to the default are evaluated by computing the
maximum deviated from the default. Following the formalism of the Jackknife method,
the uncertainty of (iii) has to be evaluated by calculating at each k* as

Y Cike) |, (5.4)

where Ny is the total number of Jackknife variations. All uncertainties are then combined
by adding them in quadrature.

5.3.2. Results in pp collisions

The resulting comparison of the experimental p—Z~ correlation function to the predic-
tions is presented in Fig. 5.14. This figure shows the comparison between the unfolded
measurement and the predictions for the cases when only the Coulomb or the Coulomb
and strong interaction are considered. The experimental k* distributions are measured
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Figure 5.14.: Measured p—Z~ correlation functions in high multiplicity pp collisions at
Vs = 13 TeV [176]. The experimental data are shown as black symbols. The black
vertical bars and the gray boxes represent the statistical and systematic uncertainties,
respectively. The square brackets show the bin width. The theoretical predictions, shown
as colored bands, use either the assumption of a pure Coulomb (green curve) or of a
Coulomb+strong interactions (magenta curve). The width of the curves represents the
1o uncertainty associated with the calculation.
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in intervals of 5MeV/c and the mean k* is computed from four consecutive bins. It is
then used as the corresponding central value to report the final C(k*), where the width
of each k* interval is visualized in Fig. 5.14 by the black vertical bars. The 1¢ intervals
of the statistical and systematic uncertainties of the measurement are represented by
the black bars and gray boxes, respectively. The width of the curves for the different
predictions represents the 1o interval of their total uncertainty. The measured C(k*)
exhibits a clear enhancement above unity, which is again indicative of the attractive
nature of the p—Z~ interaction. The Coulomb interaction alone (green curve) is unable
to reproduce the measurement and demonstrates again the presence of an additional
attractive strong interaction among the proton and the E~. Since the data are unfolded,
its uncertainties are uncorrelated with these related to the modeling and can be added in
quadrature in order to compute the number of deviations no simply from the x? value.
In this way, the prediction Coulomb-only hypothesis s found to deviate significantly
by noc = 5.0. The potential by the HAL QCD collaboration, describing this strong
interaction, in combination with the Coulomb interaction yields a correlation function
(magenta curve) which is in good agreement with the measurement and is found to be
in agreement with the measurement with no = 0.81.

5.4. Discussion

The presence of the attractive strong interaction is demonstrated by the measurements
in two independent collision systems, which exhibit a clear enhancement above the
expectation of a Coulomb-only interaction. Furthermore, the NZ~ potentials predicted
by lattice simulations of the HAL QCD collaboration are tested by including them
in the modeling of the correlation function. Overall, a good qualitative agreement
is found between the measured and predicted correlation function within 1.8 to 3.7
standard deviations in p—Pb collisions and within 0.81 standard deviations in HM pp
collisions. It should be noted that in HM pp collisions the prediction shows a tendency
to lay on the upper edge of the uncertainty band in data. This might be improved in
a calculation including all coupled-channel effects, which for p—=~ pairs are expected
to dampen the correlation function [210]. It should be highlighted, however, that
this measurement demonstrates for the fist time a direct qualitative and quantitative
agreement of first principle lattice calculations of the interaction among baryons. In
general, the results of these lattice simulations for the |S| = 2 sector are in good
agreement with several measurements [75, 77, 176]. At this point, it is therefore
interesting to explore the role of the &~ in the EoS of neutron stars based on the lattice
results. As it is discussed in Sec. 1.2.2, the single particle potential of the Z~ at p
can be computed from state-of-the-art these NE™ lattice potentials with the Brueckner-
Hartree-Fock approximation [75]. With a value of Uz- ~ —4MeV, a shallow attractive
interaction is predicted in SNM at saturation density. This value is noticeably lower than
the canonical value of Uz- ~ —15MeV that is assumed in theoretical calculations of the
EoS of a neutron stars [94, 98]. Hence, a different behavior of the &~ in a neutron rich
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Figure 5.15.: (left) Single particle potentials of hyperons in PNM utilizing the predictions
of the potentials from lattice calculations by the HAL QCD collaboration in Brueckner-
Hartree-Fock calculations. Figure taken from [75]. (right) Mass radius relations for
different values of Uz-. The curves in the upper (lower) branch represent the calculations
with (without) a repulsive Y-Y interaction [96].

environment is expected from these lattice simulations. This is best understood from the
single particle potential in PNM, as it is disused in the introduction in Sec. 1.2.2 and for
convenience is reproduced in the left panel of Fig. 5.15. It can be seen that based on the
lattice potentials a shallow repulsion of Uz- = 6 MeV is predicted. Consequently, the
threshold for the appearance of the Z~ in a neutron star shifts towards larger densities
than typically assumed. Therefore, a different value of Uz- in SNM implies a change
of the behavior of the EoS, which can be explored with the help of theoretical RMF
calculations [96], as they are presented at the end of Sec. 1.3. The result is reproduced in
the right panel of Fig. 5.15. The individual curves show the mass radius relation, where
the EoS is computed for different values of Uz- in SNM in steps of 20 MeV. The upper
(lower) four curves correspond to a calculation, where an (no) additional repulsion
between hyperons is taken into account. It is evident from the highlighted curves that a
difference of the single-particle potential by 10 MeV is expected to already yield a sizable
modification of the mass radius relation of a neutron star and the maximum mass that
can be supported by the corresponding EoS.

In this way, the strong interaction can be constrained by measurements of the p—=~
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correlation function, which is crucial to improve the understanding of neutron stars. In
particular, the good agreement of the predictions based on the NE~ lattice potentials is
a compelling argument for future theoretical calculations of the EoS of neutron stars to
take into account a Z~ single particle potential of Uz- = —4MeV and demonstrates the
importance for future measurements to investigate this difference.
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6. Summary

A precise understanding of the Equation of State of dense baryonic matter, realized for
instance in the inner core of neutron stars, is limited by the knowledge of details of the
interactions among possible constituents, including hyperons, and the precision of the
models describing the latter. Currently, the only feasible approach to experimentally
investigate the hyperon-nucleon and hyperon-hyperon interaction are femtoscopic mea-
surements, which are sensitive to the source of particle emission and to the interaction
of the particle pair.

In this work, the femtoscopy method is used to directly observe for the first time the
attractive strong interaction among a proton and a E~ baryon by studying the two-
particle correlation function in high-multiplicity pp collisions at /s = 13 TeV and
minimum-bias p-Pb collisions at /sy = 5.02 TeV at the LHC measured by ALICE.

The unambiguous interpretation of final-state effects among p—Z~ pairs from the mea-
sured correlation function is only possible due to the precise constraints of the emission
source that are obtained by the analysis presented in the first part of this work. The
source is studied with p—p and p—A pairs, where the Argonne v;3 potential and the
results from chiral effective field theory provide a sufficient theoretical description of
the respective interaction. The correlation functions are analyzed in several intervals of
the transverse mass mt = (k% + m2)1/2, where m and kr are the average mass and the
average transverse momentum of the particle pair.

For a source distribution, modeled as a Gaussian function with width rg,uss, the mea-
sured radii of p—p and p—A pairs decrease with increasing mr, but exhibit a clear offset
indicating a possible difference in the emission process. The offset can be explained by
an effective enlargement of the source due to resonances feeding to the particle pair of
interest which are incorporated by modeling the source distribution as a convolution of
a core and a non-Gaussian halo. The former represents the universal emission profile
of all particles and has a Gaussian shape with width rre, while the latter appears due
to the decay of the short-lived resonances and introduces an exponential tail. In this
new procedure, the modification of the source distribution due to the effect of short-
lived resonances is, for the first time, quantified and taken into account explicitly in a
measurement of the source size. The modeling is based on the output of the statistical
hadronization model and the EPOS transport model. The average lifetime of resonances
that produce a proton (ct = 1.65fm) is much shorter than of those that produce a A
(cT = 4.69fm) and thereby a smaller halo is expected for p—p pairs than for p—-A pairs.
Indeed, this effect is sufficient to account for the offset observed for a purely Gaussian
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source and the measured core source sizes of both pairs agree. A common, decreasing
scaling of 7core € [0.85,1.3] fm within mt € [1.1,2.2] GeV/c? is observed, which indicates
the presence of a common source for protons and As. Compared to the source sizes
measured for a purely Gaussian source distribution the core radius is decreased by
as much as 20%, which highlights the importance to consider the effect of short-lived
resonances also in future femtoscopic analyses.

The observed scaling of the source sizes as a function of mt for both pairs in itself is
interesting, since in heavy-ion collisions this is understood as one of the signatures of
radial and (an-)isotropic flow. This observation is in line with several other experimental
measurements that indicate the presence of collective effects in elementary collisions. In
order to further investigate this, the treatment of resonances will be crucial to compare
in a straightforward way the mt dependent radii of additional pair combinations such
as 7t—7t or p—K™.

Furthermore, the assumption of a common core source, modified by the resonances
feeding to the particle pair of interest, allows for a quantitative description of the emis-
sion profile for any kind of particle pair. This is relevant for coalescence approaches
addressing the production of (anti) (hyper) nuclear clusters from single particles. In
addition, the constraint of the source distribution is the basis for a high-precision study
of the interaction potentials of p—E~ pairs.

The second part of this work presents the study of the p-Z~ correlation function, which
is measured with ALICE in both pp and p-Pb collisions. The baseline of the measure-
ment is established by an investigation of background and experimental effects. The
identification of the &~ by its decay into a A and a 77~ includes random combinations
of Art~ pairs. The correlation signal of p—(A7t™) is analyzed by selecting A7t~ pairs
in the invariant-mass region next to the =~ and is thereby considered as a residual
contribution in the description of the measured p—Z~ correlation function. Moreover,
the finite resolution of the measured particle momentum is taken into account in the
analysis of p—Pb collisions by smearing the modeled prediction and in the analysis of
pp collisions by unfolding the measured data.

Based on the results in the first part of this work, the emission source for p-E~ pairs
is modeled as a Gaussian distribution with size rore that is modified by a halo due to
the decay of short-lived resonances. The size of the core source is determined from the
measurement of 7qore from p—p correlations. All modifications of the source distribution
are due to short-lived resonances that produce a proton, since no such resonances
feed to the Z~. The resulting source distribution is used to model different theoretical
predictions of the p—-Z~ correlation function in order to investigate the nature of the
final-state effects that produce the observed signal.

It is demonstrated that the Coulomb interaction among the oppositely charged proton
and Z~ alone is not sufficient to describe the signal in the measured correlation functions.
The Coulomb-only hypothesis is excluded within 3.6 to 5.3 standard deviations in the
measurement in p—Pb collisions and by 5.0 standard deviations in the measurement in
pp collisions. The enhancement above the Coulomb-only prediction demonstrates an
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additional contribution by an attractive strong interaction among the two particles has
to be present, which is directly observed for the first time.

The measurements are used to test theoretical calculations that describe the strong
interaction among a proton and Z~. Employing the Correlation Analysis Tool solv-
ing the Schrodinger Equation, the two-particle wave-function is computed by solving
the single-channel Schrodinger equation for a given p—-E~ interaction potential. The
wave-function is subsequently used to obtain a prediction for the correlation function.
Due to the small mass differences and the same relevant quantum numbers of pairs in
the |S| = 2 sector, the strong interaction leads to coupling in the AA-nE’-pE~-AZ-L%
system. It has to be noted, that in the present approach, coupled-channel effects are only
partially taken into account by their influence on the genuine interaction potentials. So
far, calculations which compute the wave-functions of the entire coupled-channel system,
as well as the correlation function taking into account contributions of all connected
states, either neglect the Coulomb interaction or are in a very preliminary state. These
results nevertheless indicate, that the additional effects of coupled channels introduce
only minor modifications to the p—Z~ correlation function.

The phenomenological ESC16 meson exchange model predicts a repulsive p—Z~ in-
teraction and hence yields a difference of more than 5 standard deviations to both
measurements. In contrast, the first principle lattice calculations by the HAL QCD col-
laboration suggest an attractive interaction, which is able to reproduce the measurement
in p-Pb collisions within 1.8 to 3.7 standard deviations and the measurement in pp
collisions within 0.81 standard deviations. Consequently, for the N-Z interaction the
validity of lattice QCD calculations is demonstrated for the first time.

The validation of the lattice QCD calculation has important implications for the modeling
of the Equation of State of dense baryonic matter. The single-particle potential of the
&7, which is computed based on the lattice simulations, differs from the contemporary
theoretical calculations of the equation of state typically assume a canonical value by
approximately 10 MeV more attractive. In pure neutron matter, a shallow repulsive
interaction of Uz- = 6MeV is predicted, which suggests that the density threshold
for the appearance of the E~ in dense baryonic matter is expected to be located at
even larger densities than usually assumed. Consequently, a stiffer EoS than typically
predicted is expected and has to be explored by future theoretical calculations based on
the updated single-particle potential.

The future collection of elementary collision data by ALICE at the LHC during the
upcoming Run3 is therefore particularly interesting. Upgrades of several detector
components are currently ongoing or have been completed, which will provide the
capabilities to record collisions at significantly higher rates. Additionally, there are plans
for dedicated data-taking schemes in order to record specifically only those collisions,
in which the production of a hyperon is detected. Consequently, it will be possible
to measure the p-E~ correlation function with significantly improved uncertainties.
This will be important in order to investigate in detail coupled-channel effects. At the
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same time, the study of pairs with more complicated decay channels or smaller particle
production cross sections will become feasible yielding the solution to the Equation of
State of dense baryonic matter.
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Figure B.2.: Invariant mass distribution close to the mass of the A reconstructed from

proton and 7t~ pairs in high-multiplicity triggered pp collisions at /s

of the selection are found in Sec. 3.6.4.
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Figure B.5.: Correlation between the true relative momentum (kj,,,.) and reconstructed

relative momentum (k;,.,) of p—A pairs. Evaluated with MC events anchored to HM
triggered pp collisions at /s = 13 TeV.
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Figure B.6.: Correlation between the true relative momentum (k{,,.) and reconstructed

relative momentum (k,.,) of p—p pairs. Evaluated with MC events anchored to MB
triggered p—Pb collisions at /sy = 5.02 TeV.
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Figure B.8.: The correlation function of p—p as a function of k* in the different mry
intervals. Statistical (bars) and systematic (boxes) uncertainties are shown separately.
The filled bands depict 1o uncertainties of the fits with Cg(k*) and are obtained by
using the Argonne v1g [59] (blue) potential.
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Figure B.10.: The correlation function of p—A as a function of k* in the different mt
intervals. Statistical (bars) and systematic (boxes) uncertainties are shown separately.
The filled bands depict 1o uncertainties of the fits with the wave function of YEFT
LO [66] (green) calculations.
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