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Abstract

Studies of the interaction among hadrons are a suitable tool to access low-energy features of
quantum chromodynamics. A detailed understanding of the interaction among nucleons has
been obtained by studies of deuteron properties and scattering experiments. On the contrary,
the interaction of baryons containing strange quarks, so-called hyperons, is only scarcely known.
The production, collection, and reconstruction of large data samples of hyperons is challenging
because of the short lifetimes of these particles. The lack of conclusive experimental data is
particularly prevalent in the S sector. The hyperon–nucleon interaction, however, is relevant for a
wide range of applications including hypernuclei and matter at extreme densities, as found for
instance in neutron stars. Therefore, experimental constraints are essential in order to obtain a
better understanding of such objects, but also of the strong interaction in general.
Recently, significant progress has been made by exploiting femtoscopy to obtain constraints on
the hyperon–nucleon interaction. Indeed, the measured two-particle correlations at small relative
momenta are sensitive to the final-state interaction, which includes the strong interaction. The
latter can be directly measured with high precision circumventing the difficulties associated with
producing and handling beams of unstable hadrons. Therefore, the extension of such studies to
the S sector is natural.

This work presents the first direct measurement of the p–S0 interaction via the femtoscopy
method. The experimental correlation function is extracted from a data sample collected by the
ALICE experiment in high-multiplicity proton–proton collisions at

p
s = 13 TeV. The S0 is

identified exploiting the dominant decay channel S0 ! Lg and the subsequent decay L! pp�.
The photon is reconstructed relying on conversions to e+e� pairs in the detector material. The
detection of the S0 is enabled by the unique particle identification and tracking capabilities of the
ALICE detector over the full kinematic range down to low transverse momenta.
The p–S0 correlation function is consistent with the baseline within (0.2 � 0.8)s, indicating
the presence of a shallow potential of the strong interaction. The experimental correlation
function is compared to state-of-the-art theoretical predictions for the interaction. The interplay
of the four involved spin and isospin channels defines the modeled correlation functions, which
is found to be sensitive to the strong interaction. In contrast to the predictions for the p–L

interaction, the various theoretical approaches yield significantly differing correlation functions
for the p–S0 channel. This demonstrates that femtoscopy has the potential to provide conclusive
measurements in the N–S sector. The precision of the experimental correlation function, however,
does not yet allow a discrimination among different models. The same holds for the presently
available scattering, S atomic, and hypernuclear data, indicating the challenges associated
with the reconstruction of the S states. This pioneering work demonstrates the feasibility of
femtoscopic measurements in the N–S sector and paves the way for more detailed studies
conducted with the large data samples expected from future runs of the LHC.

Indeed, significant upgrades are under way in order to enhance the rate capabilities of the ALICE
detector. Therefore, the second part of this work focuses on several aspects of the upgrade of
the main detector for charged-particle tracking and particle identification in ALICE – the Time
Projection Chamber. The requirements of the envisaged running conditions imply a replacement
of the previously used readout system based on gated Multi-Wire Proportional Chambers. The
technology of the upgrade is based on a stack of four large-size Gas Electron Multiplier (GEM)
foils in order to enable continuous operation, while retaining the excellent particle identification
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performance.
A crucial aspect limiting the stable long-term operation of GEM-based detectors is the occurrence
of electrical discharges in individual GEMs within the stack. The conditions for discharge ignition
are studied employing simulations of the energy deposit and the charge transport in a single-
GEM detector. The working hypothesis – that the local charge density drives the stability – is
verified by comparison to experimental measurements. The critical charge density igniting the
discharge is found to be within (5� 9)� 106 electrons per GEM hole after amplification, with a
modest dependence on the gas mixture.
The increase in interaction rate and the requirements of a trigger-less, continuous readout imply
the re-design of the software for the ALICE experiment. The O2 framework incorporates the
code for data taking, reconstruction, calibration, analysis, and simulation. Such Monte Carlo
simulations are a commonly used tool for the interpretation of experimental data. The comparison,
however, is only valid if detector effects are properly accounted for. Therefore, the simulation
of the detector response of the Time Projection Chamber is implemented in the O2 framework
with a particular focus on optimal computing performance. The model for the physics processes
leading to the signal formation in the detector is validated using experimental data from beam
tests with full-size prototypes.
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Zusammenfassung

Studien der Wechselwirkung zwischen Hadronen sind ein geeignetes Werkzeug, um die nie-
derenergetischen Eigenschaften der Quantenchromodynamik zu ergründen. Ein genaues Ver-
ständnis der Wechselwirkung zwischen Nukleonen wurde durch Studien des Deuterons und
durch Streuexperimente gewonnen. Im Gegensatz dazu ist über die Wechselwirkung von Bary-
onen die strange Quarks enthalten, so genannten Hyperonen, nur wenig bekannt. Aufgrund
der kurzen Lebensdauer von Hyperonen stellt die Produktion, Erfassung und Rekonstruktion
großer Datenmengen dieser Teilchen eine Herausforderung dar. Im S-Sektor ist der Mangel an
experimentellen Daten besonders ausgeprägt. Die Hyperon–Nukleon-Wechselwirkung ist jedoch
für ein breites Spektrum von Anwendungen relevant, einschließlich Hyperkernen und Materie
bei extremen Dichten, wie sie beispielweise in Neutronensternen vorkommt. Um ein besseres
Verständnis solcher Objekte zu erhalten, aber auch der starken Wechselwirkung im Allgemeinen,
sind experimentelle Eingrenzungen unerlässlich.
In jüngster Zeit wurden durch Femtoskopie bedeutende Fortschritte bei der Messung der
Hyperon–Nukleon-Interaktion erzielt. In der Tat sind die gemessenen Zwei-Teilchen-Korre-
lationen bei kleinen Relativimpulsen sensitiv auf die Wechselwirkung im Endzustand, zu der
auch die starke Wechselwirkung beiträgt. Diese kann so mit großer Präzision direkt gemessen
werden, wodurch die mit der Erzeugung und Handhabung von Strahlen instabiler Hadronen
verbundenen Schwierigkeiten umgangen werden. Daher ist die Ausweitung solcher Studien auf
den S-Sektor nur logisch.

Diese Arbeit stellt die erste direkte Messung der p–S0-Interaktion mittels der Femtoskopie-
Methode vor. Die experimentelle Korrelationsfunktion wird aus Daten extrahiert, die von dem
ALICE Experiment in Proton–Proton-Kollisionen mit hoher Multiplizität bei

p
s = 13 TeV

aufgenommen wurden. Das S0 wird unter Verwendung des dominanten Zerfallskanals S0 ! Lg
und des anschließenden Zerfalls L! pp� identifiziert. Das Photon wird mittels der Konversion
in e+e�-Paare im Detektormaterial rekonstriuiert. Der Nachweis des S0 wird durch das einzigar-
tige Teilchenidentifizierungs- und Spurrekonstruktionsvermögen des ALICE Detektors über den
gesamten kinematischen Bereich auch bei niedrigen Tranversalimpulsen ermöglicht.
Die p–S0-Korrelationsfunktion stimmt innerhalb von (0,2� 0,8)s mit der Referenz überein, was
auf das Vorhandensein eines schwachen Potentials der starken Wechselwirkung hinweist. Die
experimentelle Korrelationsfunktion wird mit aktuellen theoretischen Vorhersagen der Inter-
aktion verglichen. Die modellierte Korrelationsfunktion erweist sich als sensitiv auf die starke
Wechselwirkung und ist durch das Zusammenspiel der vier beteiligten Spin- und Isospinkanäle
definiert. Im Gegensatz zu den Vorhersagen der verschiedenen theoretischen Ansätze für die
p–L-Wechselwirkung unterscheiden sich die Korrelationsfunktionen im p–S0-Kanal stark. Dies
zeigt, dass Femtoskopie die Möglichkeit bietet, im N–S-Sektor aussagekräftige Messungen zu
liefern. Die Präzision der experimentellen Korrelationsfunktion erlaubt jedoch noch keine Unter-
scheidung zwischen den verschiedenen Modellen. Das Gleiche gilt für die derzeit verfügbaren
Daten aus Streu-, S-Atom- und Hyperkernexperimenten. Dies zeigt die Herausforderungen
auf, die mit der Rekonstruktion der S-Zustände verbunden sind. Diese wegweisende Arbeit
demonstriert die Durchführbarkeit femtoskopischer Messungen im N–S-Sektor und ebnet den
Weg für detailliertere Studien, die mit den erwarteten großen Datenmengen von zukünftigen
Läufen des LHC durchgeführt werden.

Tatsächlich werden derzeit bedeutende Upgrades zur Erhöhung der maximalen Datenrate des
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ALICE Detektors durchgeführt. Daher konzentriert sich der zweite Teil dieser Arbeit auf mehrere
Aspekte des Upgrades des Time Projection Chamber. Dieser Detektor spielt eine zentrale Rolle bei
der Spurrekonstruktion geladener Teilchen und deren Identifizierung. Die Anforderungen der
geplanten Betriebsbedingungen erfordern den Ersatz des bisher verwendeten Auslesesystems,
das auf gepulsten Vieldraht-Proportionalkammern basiert. Die Technologie des Upgrades basiert
auf einer Anordnung von großflächigen Gas Electron Multiplier (GEM) Folien in vier Lagen.
Diese ermöglichen einen kontinuierlichen Betrieb und bewahren gleichzeitig das ausgezeichnete
Teilchenidentifizierungsvermögen.
Das Auftreten von elektrischen Entladungen in einzelnen GEMs innerhalb der Anordnung
ist ein entscheidender Aspekt, der den stabilen Langzeitbetrieb von GEM-basierten Detek-
toren einschränkt. Die Bedingungen für das Zünden solcher Entladungen werden mithilfe von
Energiedepositions- und Ladungstransportssimulationen in einem einzelnen GEM-Detektor
untersucht. Die Arbeitshypothese – dass die lokale Ladungsdichte die Stabilität bestimmt – wird
durch einen Vergleich mit experimentellen Messungen verifiziert. Die kritische Ladungsdichte,
bei der die Entladung zündet, liegt nach der Verstärkung innerhalb von (5� 9)� 106 Elektronen
pro GEM-Loch, wobei eine mäßige Abhängigkeit von der Gasmischung besteht.
Die Erhöhung der Interaktionsrate und die Anforderungen an eine triggerlose, kontinuierliche
Auslese fordern die Neugestaltung der Software des ALICE Experiments. Das O2 Framework
beinhaltet den Code für die Datennahme, Rekonstruktion, Kalibration, Analyse und Simulation.
Solche Monte-Carlo-Simulationen werden häufig für die Interpretation experimenteller Daten
verwendet. Entscheidend hierfür ist jedoch die korrekte Berücksichtigung von Detektoreffekten.
Daher wird die Simulation der Detektorreaktion der Time Projection Chamber mit besonderem
Augenmerk auf die optimale Nutzung der Rechenleistung in das O2-Framework implementiert.
Die Modellierung der physikalischen Prozesse, die zur Signalbildung im Detektor führen, wird
mit experimentellen Daten aus Strahltests mit Prototypen validiert.
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1 Introduction

Physics with strange hadrons lies at the intersection of particle and nuclear physics. Studying the
spectrum of hadrons and their interactions allows the assessment of fundamental properties of
the underlying force, the strong interaction. Indeed, detailed studies of the interaction among
hadrons are a suitable tool to benchmark and extend the understanding of the strong interaction.

1.1 Quantum Chromodynamics

The theory of the strong interaction is quantum chromodynamics(QCD) [1–3], a non-Abelian SU(3)
gauge theory with quarks and gluons as fundamental degrees of freedom. Together with the
electromagnetic and the weak force it builds up the SU(3) � SU(2) � U(1) standard model of
particle physics. The Lagrangian density of QCD is given by [4–6]

L = y
�
igmDm � m

�
y �

1
4

Ga
mnG

mn
a , (1.1)

with the quark spinor �elds y that occur in six �avors and Nc = 3 colors. The bare quark masses
are incorporated in the matrix m. The gauge covariant derivative Dm = ¶m � igA a

ml a describes
quark propagation and the quark–gluon coupling. The l a correspond to the Gell-Mann matrices
modifying the quarks' color charge upon interaction with a gluon and g =

p
4p as to the QCD

coupling constant. In total N2
c � 1 = 8 different gluon �elds A a

m exist, with color index a. Finally,
the gluon �eld tensor Ga

mn is given by

Ga
mn= ¶mA a

n � ¶nA a
m � gs f abcA b

mA c
n, (1.2)

where the f abcare the structure constants of the SU(3) group. Especially intriguing is the fact that
the last term corresponds to self-couplings of the exchange bosons, which is a unique feature
of QCD. Accordingly, gluons can not only create virtual quark–antiquark pairs, leading to a
screening of the color charge, but also split into gluon pairs which has the opposite effect and
thus diminishes the coupling constant of QCD.

Indeed, the running coupling constant as of QCD exhibits a complex behavior. As displayed
in Fig. 1.1, the overall trend of as as a function of the energy scale is experimentally well
established. On the one hand, for larger energy transfers, corresponding to smaller distances,
the running coupling constant decreases, giving rise to a phenomenon called asymptotic freedom.
The strong force weakens and the quarks and gluons can be considered as asymptotically free
particles. Accordingly, perturbation theory can be employed to provide quantitative predictions
for QCD processes. At particularly large temperatures and/or densities a transition to a phase of
decon�ned quarks and gluons is expected, the so-called quark–gluon plasma. It is an interesting
research �eld of its own, however is not further discussed here.

On the other hand, the coupling constant becomes increasingly large at lower energies, cor-
responding to larger distances. By separating a quark–antiquark pair further and further, the
energy contained in the gluon �eld in-between them increases to the point at which the creation of
another quark–antiquark pair becomes energetically favorable. Accordingly, at low energies the
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2 1 Introduction

Figure 1.1: Summary of measurements of as as a function of the energy scaleQ [7].

quarks and gluons are subject to con�nementand the relevant degrees of freedom are the colorless
hadrons that transform as singlets under the gauge group SU(3). Since the dynamics of the quarks
and gluons in this energy regime are strongly coupled, a perturbative approach is no longer
feasible. The natural mass scale of QCD,L QCD � 200 MeV, de�nes the threshold below which
perturbative approaches diverge. Up to now, no analytical approach to low-energy QCD exists.
Instead, effective �eld theories [ 8, 9] or numerical solutions of the QCD Lagrangian have to be
employed. Accordingly, many of the features of low-energy QCD are not solidly understood and
experimental studies of fundamental hadron properties, such as their interactions, can provide
valuable input.

The current quark massesm are input parameters to QCD and generated via the Higgs mech-
anism [10–12]. Considering the energies and masses involved in nuclear physics, out of the
six quarks only the u, d, and s quarks are relevant. Current estimates for their masses are
(2.16+ 0.49

� 0.26) MeV for the u quark, (4.67+ 0.48
� 0.17) MeV for the d quark, and (93+ 11

� 5 ) MeV for the s
quark [ 7]. It is obvious that the hadron masses are signi�cantly larger than those of the corre-
sponding current quarks. Therefore, an important aspect of QCD is the generation of hadron
masses.

In the chiral limit of zero quark masses, the QCD Lagrangian is invariant under unitary transfor-
mations of the left- and right-handed quark �elds. Accordingly, the QCD Lagrangian exhibits
exactSU(3)R � SU(3)L � U(1)V symmetry, where the U(1) V subgroup generates the conserva-
tion of baryon number. It should be noted that the SU(3)R � SU(3)L chiral symmetry is only a
symmetry of the Lagrangian but not of the ground state – the QCD vacuum h0jqqj0i . Experi-
mental observations of large mass differences between chiral partners in the hadron spectrum,
e.g. between ther and the a1 meson [7], suggest that chiral symmetry is spontaneouslybroken.
Correspondingly, the ground state is characterized by a quark condensate with non-vanishing
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expectation value h0jqqj0i � (� 250 MeV)3 [13]. The quark condensate h0jqLqR + qRqLj0i then
connects left- and right-handed quark �elds and thus leads to the breaking of chiral symmetry.
The quarks propagating through the QCD vacuum are accordingly dressed by their interactions,
which generates an increase in mass. Additionally, the introduction of small, non-vanishing
quark masses results in a mixing of left- and right-handed quark �elds as well. Accordingly,
chiral symmetry is also explicitly broken. Since the quark masses are rather small, the effect
of spontaneouschiral symmetry breaking is dominant for the generation of hadron masses. At
larger temperatures or densities, however, the quark condensate h0jqqj0i is expected to melt,
correspondingly leading to the restoration of chiral symmetry [13, 14].

Exploiting the �avor SU(3) symmetry of QCD, the hadrons are conveniently organized in multi-
plets of irreducible representations [ 15, 16]. Figure 1.2 depicts exemplarily the octet of baryons
relevant for this work, organized by the strangeness quantum number S and the third com-
ponent of the isospin I3. Hyperons are baryons containing at least one s quark and therefore
characterized by jSj > 0. The jSj = 1 sector contains the isoscalarL and the isovector S states.
The masses and most important properties of the corresponding baryons are given in Table 1.1.
The observed mass differences of theS states are interpreted as the pattern of SU(3) symmetry
breaking. In contrast to the L , the S� , and the S+ , which decay via the weak interaction, the
S0 decays electromagnetically. The neutral L and S0 differ only in isospin and have a mass
splitting of about 77 MeV/ c2 [7]. Above threshold, the production ratio approaches S0/ L � 1/ 3
as expected from isospin considerations [17–25].

Due to the small mass difference and almost equal quantum numbers, a signi�cant entanglement
of the L and S states is expected, which is also relevant for the study of their interaction.

Figure 1.2: The baryon octet with JP = 1/2 + .

Table 1.1: Properties of the jSj = 1 baryons [7]. Only the most important decay modes are quoted.
L S � S0 S+

Mass (MeV/ c2) 1115.683� 0.006 1197.449� 0.030 1192.642� 0.024 1189.37� 0.07
Decay length (cm) 7.89� 0.06 4.44� 0.03 (22 � 2) � 10� 10 2.405� 0.008

Decay mode
pp� (63.9%)

np� L g
pp0 (51.6%)

np0 (35.8%) np+ (48.3%)
Isospin (I , I3) (0, 0) (1,� 1) (1, 0) (1, 1)
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1.2 Hyperon�Nucleon interaction

The study of hadron–hadron interactions provides a valuable benchmark of the symmetries and
the theoretical description of low-energy QCD. In the following, the interactions of the JP = 1/ 2+

baryons in the irreducible octet, shown in Fig. 1.2, are discussed. Indeed, studies of baryon–
baryon interactions can be used a probe of SU(3) symmetry. Under the premise of exact �avor
SU(3) symmetry, the pairs of octet baryons can be grouped in six irreducible multiplets [ 26–28],

8 
 8 = 27 � 8s � 1 � 10� � 10 � 8a, (1.3)

where the �rst three terms are �avor symmetric and the last three anti-symmetric. Depending on
the baryon pair under study different elements of the decomposition contribute.

The nucleon–nucleon (N–N) interaction is very well known, with a vast data base of 4301 p–p
and n–p data points collecting the data of various scattering experiments [ 29]. The long and
intermediate-range interaction is mediated by mesons, which was already established in 1935 [ 30].
For the short-range repulsion, however, a detailed understanding of QCD is required because the
relevant degrees of freedom are the quarks and gluons.

Similar arguments hold for the hyperon–nucleon (Y–N) interaction, where experimental con-
straints are scarce. The Y–N interaction can be exploited to explore the part of 8 
 8 phase space
not accessible with studies of the N–N interaction. Moreover, the N–S (S = 0, I = 3/ 2) and the
the N–N ( S = 0, I = 1) component belong to the same 27 irreducible representation. Therefore, a
comparison of the corresponding interaction strengths is a benchmark of the symmetry breaking
of SU(3). This underlines, that studies of the Y–N provide valuable input for the understanding
of low-energy QCD. Finally, the Y–N interaction is also relevant in the context of hypernuclear
physics and for astrophysical objects such as neutron stars.

1.2.1 Experimental Results on the Hyperon�Nucleon Interaction

In contrast to the N–N interaction, the dif�culties in handling beams of unstable hyperons are
re�ected in the fact that only little is experimentally known about the Y–N interaction. For recent
reviews of the current situation see e.g. [31–35].

In particular for the case of the L , the available scattering data [36–40] and measurements of hyper-
nuclei across the periodic table [41–43] established the attractive character of the L–N interaction
with a nuclear potential depth UL � � 30 MeV. The jSj = 2 sector is especially intriguing since
the so-called H-dibaryon, a deeply bound 6-quark state, is predicted to appear in the coupled
LL � XN � SSsystem [44]. The X–N interaction is characterized by the rather scarce scattering
data for pX� ! pX� and pX� ! LL reactions [45, 46]. Hints for an attractive X–N interaction
stem from observations of a bound state in the X� � 14N system [47]. Similarly, observations of a
6
L L He double hypernucleus point towards a weakly attractive L–L interaction [48].

Recently, signi�cant progress has been made for the mentioned systems using the femtoscopy
technique. The method and the most important results are revised in Sec. 1.3.
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1.2.1.1 Results on the � �Nucleon Interaction

Only very little is known about the N–S interaction since the decay of all S states involves neutral
decay products [7], thus requiring experimentalists to build high-resolution calorimeters or
employ missing-mass techniques. Due to the small mass difference between the L and the S
states and since they possess the same quantum numbers, a sizable coupling between theN–L
and the N–S channels is expected. A review of the available S data and the relevant experimental
methods to study interactions is presented in the following.

Scattering Experiments Scattering data have been collected in experiments in the sixties and
seventies using the Saclay81 cm hydrogen bubble chamber [ 36, 37, 49]. The S candidates are
produced by stopping a secondary K � beam in the active medium of the bubble chamber via a
strangeness exchangereaction K � p ! S� p� . The capture reaction of the K � results in S momenta
not exceeding 200 MeV/ c, with the lower limit of about 100 MeV/ c imposed by the detection limit
of the system. In this kinematic regime, the interaction in the S-wave is expected to dominate
the Sp cross sections. The elastic scattering ofS+ p, in the isospin ( I = 3/ 2) state, andS� p with
the isospin ( I = 1/ 2, 3/ 2) con�guration are studied [ 36, 49]. Additionally, also the inelastic
scattering cross sections for the processesS� p ! Ln (I = 1/ 2) and S� p ! S0n (I = 1/ 2, 3/ 2)
are measured [37]. A few hundred events of each type are identi�ed, resulting in seven (four)
data points for elastic S� p (S+ p) scattering, as depicted in the left (right) panel of Fig. 1.3. The
main caveat of this type of experiments, however, is the low-rate capability severely limiting the
number of accumulated events and thus the statistical uncertainties.

A new method for the study of such scattering events is conducted using active scintillating �ber
targets with digital image readout for the production and detection of short-lived hyperons [ 50–
52]. An exemplary S� p scattering event obtained with this detection system is depicted in Fig. 1.4
demonstrating the excellent spatial resolution of the method. The S candidates are produced by
a secondaryp� beam impinging on the target via the associate productionreaction, p� p ! S� K+ .
The K+ escaping the reaction is tracked using a dedicated spectrometer arm, whose kinematic
acceptance de�nes the accessible momentum regime of the experiment, ranging from about
300 MeV/ c to 700 MeV/ c. The measurement technique is complementary to bubble chamber

Figure 1.3: Experimental cross sections for the elasticS� p (left) and S+ p (right) scattering [36, 50, 51].
The green data points correspond to the results from K-induced reactions, while the blue data points
are obtained using p-induced reactions.
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Figure 1.4: Exemplary S� p elastic scattering event [50]. The solid lines depict the incoming p� and
outgoing K+ tracks obtained with external wire chambers. The lines from the ( p� , K+ ) vertices
correspond to the predicted momentum vectors of the initial S� .

experiments and enables studies of higher partial waves. For both elastic channels, three data
points could be extracted, depicted by the blue data points in Fig. 1.3. As in the case of the
bubble chamber data, rather large statistical uncertainties prevent any conclusion on structures
appearing in the distribution of scattering angles.

The scattering parameters extracted from these data have sizable uncertainties regarding magni-
tude and sign [ 53]. In addition, there are no experimental data for p ! 0 and no dedicated phase
shift analyses. Therefore, the interaction cannot be constrained relying on scattering data alone.
In order to improve the situation, new measurements in these channels are under way [54].

� � Atomic Data Hadronic atoms are formed by capture of a stopped, negatively charged
hadron in one of the outer atomic orbits of a target atom. The cascade of the hadron down within
the atomic orbits is typically accompanied by the emission of Auger electrons and radiative
transitions involving the emission of x-rays [ 55]. The lower atomic orbitals have a sizable overlap
with the nucleus and therefore the strong interaction modi�es the atomic levels before the hadron
is eventually absorbed by the nucleus.

The strong interaction between the hadron and the nucleus causes a shift of the energy of the
last x-ray transition before absorption from the pure electromagnetic value. In addition, the
reduced lifetime of the �nal atomic state leads to a broadening. Hence, analyses of the x-ray
energy spectrum allow the determination of the energy shift and width. In the simplest case, the
interaction with the nucleus can be described by an optical potential in addition to the Coulomb
contribution. It should be noted though, that the overlap of the atomic orbitals with the nucleus
probes a wide range of nuclear densities [56]. This introduces a signi�cant model dependence
on the exact treatment of the nuclear density distribution for studies of the strong interaction.
Nevertheless, analyses of hadronic atoms have be exploited for measurements of the strong
interaction of p� , K� , S� and p with the nucleus [55, 56].

The S� is typically formed in strangeness exchangereactions employing stopped K � beams.
Therefore, the x-ray spectra are considerably contaminated by kaonic atoms. This is well visible in
the exemplary spectrum of S� and kaonic atoms shown in the left panel of Fig. 1.5. Nevertheless,
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Figure 1.5: (Left) Exemplary x-ray spectrum from K, S, and p atoms obtained by stopping K � in
30Zn [57]. The S transitions in brackets indicate the expected position obscured by other lines. ( Right)
Shift and width values for various S atoms [56]. The continuous lines join points calculated with the
best-�t optical potential.

multiple S� x-ray lines could be extracted. The compendium of S� atomic data contains in total
23 strong level shifts and widths from target atoms ranging from C to Pb [ 57–59], as depicted in
the right panel of Fig. 1.5.

A satisfactory description of the experimental data could be achieved with a phenomenological
density-dependent(DD) isoscalar potential [ 60, 61], or a geometricalpotential F [35, 62]. The
resulting potential for Ca and Pb S� atoms is shown in the left and right panel of Fig. 1.6. While
the overall shape of the two potentials differs signi�cantly, both models yield a weak attraction at
large radii, that turns into repulsion approximately one fm beyond the half-density radius of the
charge distribution. The magnitude and shape of the repulsive component within the nucleus,

Figure 1.6: ReVopt (VR) for two different parametrizations of the S� nuclear potential, DD (solid lines)
and F (dashed). Modi�ed from Ref. [ 35]. The vertical bars indicate the half-density radius of the
nuclear charge distribution.
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however, cannot be determined by these data. Similar results are obtained by Relativistic Mean
Field (RMF) calculations [ 62] where the S–nucleus interaction is generated by scalar (s) and
vector (w, r ) mean �eld contributions. The corresponding coupling constants are determined by
a �t to the S� data in Si and Pb atoms. The resulting potential yields a satisfactory description of
the available data and is, as well as the phenomenological potentials, attractive far outside the
nucleus and turns repulsive at the nuclear surface.

� Hypernuclei A hypernucleus is produced when strangeness content is implanted to an
ordinary nucleus, resulting typically in one of the nucleons being replaced by a hyperon. When
the hyperon is bound to the nuclear system, the resulting hypernucleus then generally deexcites
to the ground state in which all baryons reside in their lowest single-particle levels [ 32]. The
corresponding nuclear transitions are accompanied by gamma rays or Auger emission of nucleons.
The attractive interaction leading to the bound state can be characterized by measuring the
binding energy

� B = M B � (M A � 1 + MY), (1.4)

where the mass of the hypernucleus M B is obtained via a kinematic analysis of the decay products.
The mass of the core nucleusM A � 1 and of the hyperon MY require a unique identi�cation of
the reaction. The hyperon can be used as a selective probe of the nuclear medium, as it remains
distinguishable within the nucleus [ 32]. The hyperon can also be produced in unbound, contin-
uum states from which it escapes the nuclear potential. In these so-called quasi-freeprocesses, the
hyperon–nucleus interaction modi�es the spectra and can therefore be studied. Nevertheless, the
interpretation of hypernuclear measurements introduces a sizable model-dependence.

Hypernuclear S states are generally not expected to feature narrow peaks due to the conversion
N–S ! N–L [63]. The energy released in the conversion mS � mL � 80 MeV dominantly
induces nuclear breakup and therefore broadens the widths of the corresponding states. In
lighter systems at low energies, however, the selectivity of the conversion process to the ( S = 1,
I = 1/ 2) component may lead to a substantial reduction of the expected widths [ 63]. Therefore,
S hypernuclei may be only detectable in these kind of systems.

Indeed, the only S hypernucleus found to present day is 4
SHe, detected as a quasi-bound state in

(K � , p� ) reactions [64, 65]. In this reaction, both the S0 and S+ states are produced, populating the
isospin states (I = 1/ 2, 3/ 2). In the companion reaction ( K � , p+ ), however, the S� is produced
in the isospin ( I = 3/ 2) state. Both excitation spectra are displayed in Fig. 1.7. The quasi-freeS
production is clearly visible in both spectra for BS > 0 MeV. The (K � , p� ) spectrum, however,
displays a clear peak which is interpreted as a quasi-bound state.

Since the structure appears only in the (K � , p� ) reaction, the quasi-bound state is assigned I =
1/ 2 [64]. An analysis of the peak yields a binding energy of BS = 4.4� 0.3(stat.) � 1.2(syst.) MeV
and a width of G= 7.0� 0.7(stat.)+ 1.2

� 0.0 (syst.) MeV [64]. These values are in line with predictions
from Ref. [66], where the quasi-bound state occurs in the I = 1/ 2, S = 0 channel. In these
calculations, the N–S interaction exhibits a strong isospin dependence, with attraction in the
I = 1/2 channel and repulsion for I = 3/2 [66].

The strong isospin dependence of the N–S interaction is typically incorporated in the S–nucleus
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