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Abstract
TUM School of Natural Sciences

Doctor of Philosophy

A Strange and Charming Tale on Hadronic Interactions

by Emma Sophia Chizzali

In this thesis, the final state interaction of various systems of hadrons with
valence-quark content beyond the light u and d flavors was explored, employing
the method of femtoscopy. This technique relates momentum correlations of hadron
pairs to their emission source and interaction potential. It provides an alternative,
novel approach to accessing information about the residual strong interaction be-
tween particles, including unstable ones, that cannot be studied in classical scatter-
ing experiments. ALICE at the LHC is the ideal environment for the measurement
of such correlation functions due to its excellent particle identification capabilities
and high-statistics data sample of pp collisions at

p
s = 13 TeV, where the emission

region is � 1 fm.
In that setting, the first measurement of the D and light-flavor K and � meson

correlation functions of same- and opposite-charged pairs was performed. The raw
signals were corrected for background contributions in order to obtain the genuine
correlation functions and compare them to the available theoretical predictions of
the residual strong interaction. The D–K correlation functions lack statistical preci-
sion and are compatible with the different models. The D–� data, on the other hand,
clearly favor the Coulomb-only hypothesis and are incompatible with the predic-
tions of the residual strong interaction. The deviation is especially pronounced for
the opposite-charge combination. Due to the higher statistical precision, the correla-
tion functions are further used to determine the scattering length of the D–� interac-
tion in the isospin I = 3/2 and I = 1/2 states, the former of which is shared between
the two charge combinations. In a simultaneous fit to the data, where a Gaussian-
type potential was used to parametrize the interaction in each isospin state, values
consistent with zero within the uncertainties were obtained.

Furthermore, the p–� correlation function, previously measured by ALICE
in pp collisions at

p
s = 13 TeV, was re-analyzed. The spin 3/2 component of

the interaction was constrained by the LQCD potential, simulated by the HAL
QCD collaboration. This made it possible to study the spin 1/2 contribution,
which is currently inaccessible on the lattice due to the effect of open channels. It
was modeled with a phenomenological complex potential, whose real part was
motivated by the parameterization of the LQCD simulation, while the imaginary
part, which accounts for inelastic contributions, was modeled by a Yukawa-type
potential describing a 2nd-order kaon exchange. The potential parameters were
determined by a fit to the data, and the interaction was found to be attractive and
strong enough to support a p–� bound state with a binding energy between 12.8
and 56.1 MeV. Furthermore, the scattering parameters for the spin 1/2 interaction
were derived for the first time.

HTTP://WWW.TUM.DE
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Zusammenfassung

In dieser Arbeit wurde die Methode der Femtoscopy angewandt um die Wech-
selwirkung zwischen verschiedenen Paaren von Hadronen zu untersuchen, ein-
schließlich jener mir einer Valenz-Quark Zusammensetzung jenseits der leichten u
und d Flavours. Diese Technik setzt Impulskorrelationen von Hadronenpaaren mit
ihrer Emissionsquelle und ihrem Wechselwirkungspotenzial in Beziehung. Sie bi-
etet einen alternativen, neuartigen Ansatz um Informationen über die starke Wech-
selwirkung zwischen Teilchen zu erhalten, einschließlich instabiler Teilchen, die in
klassischen Streuexperimenten nicht untersucht werden können. ALICE am LHC
bietet die ideale Voraussetzungen für die Messung solcher Korrelationsfunktionen
aufgrund der hervorragenden Teilchenidentifikation und der hohen hochstatistis-
chen Daten von pp Kollisionen mit

p
s = 13 TeV, bei denen der Emissionsbereich

� 1 fm ist.
In dieser experimentellen Umgebung wurde die erste Messung der Korrelations-

funktionen von D und K bzw. �Mesonen mit gleicher und entgegengesetzt Ladung
durchgeführt. Die gemessenen Signale wurden um Hintergrundbeiträge korrigiert
und die resultierenden Korrelationsfunktionen mit den verfügbaren theoretischen
Vorhersagen der starken Wechselwirkung verglichen. Den D–K Korrelationsfunk-
tionen mangelt es an statistischer Präzision, und sie sind mit den verschiedenen
Modellen kompatibel. Die D–� Daten hingegen deuten auf eine reine Coulomb
Wechselwirkung hin und sind nicht mit den Vorhersagen über die starke Wechsel-
wirkung vereinbar. Die Abweichung ist besonders ausgeprägt für Paare mit entge-
gengesetzter Ladung. Aufgrund der höheren statistischen Genauigkeit wurden die
Korrelationsfunktionen außerdem zur Bestimmung der Streulänge der D–� Wech-
selwirkung im Isospin-Zustand I = 3/2 und I = 1/2 verwendet, wobei ersterer
zu beiden Ladungskombinationen beiträgt. In einer simultanen Anpassung an die
Daten, bei der die Wechselwirkung in den jeweiligen Isospin-Zuständen mit einem
Potential vom Gauß-Typ parametrisiert wurde, wurden Werte bestimmt, die inner-
halb der Unsicherheiten mit Null übereinstimmen.

Außerdem wurde die p–� Korrelationsfunktion, die zuvor von ALICE in pp
Kollisionen mit

p
s = 13 TeV gemessen wurde, erneut analysiert. Die Spin-

3/2 Komponente der Wechselwirkung wurde mit einem LQCD-Potenzial model-
liert, welches von der HAL QCD Kollaboration simuliert worden war. Dies er-
möglichte die Untersuchung des Spin-1/2 Beitrags, welcher aufgrund des Effekts
offener Kanäle derzeit in QCD-Gitter Rechnungen unzugänglich ist. Der Beitrag
wurde mit einem phänomenologischen komplexen Potenzial modelliert, wobei für
den Realteil eine, der LQCD-Simulation ähnliche Form gewählt wurde, während
der Imaginärteil, der die inelastischen Beiträge berücksichtigt, durch ein Potenzial
vom Yukawa-Typ modelliert wurde, das einen Kaon Austausch zweiter Ordnung
beschreibt. Die Potenzialparameter wurden an die Daten angepasst. Dabei wurde
festgestellt, dass die Wechselwirkung attraktiv und stark genug ist, um einen gebun-
denen p–� Zustand zu bilden, welcher eine Bindungsenergie zwischen 12, 8 und
56, 1 MeV hat. Darüber hinaus wurden zum ersten Mal die Streuparameter der Spin-
1/2 Wechselwirkung abgeleitet.



v

Acknowledgements
This thesis is all but a one-person effort, and I have to thank a lot of people who

supported me at every step along the way, the first of whom is, of course, Prof. Dr.
Laura Fabbietti, who allowed me to do the PhD in the first place. I still remember
meeting you at an event for female physics students at the beginning of my under-
graduate studies. After that, I immediately checked out your research and asked if
I could join your group as a technical student. I stayed there ever since, which, I
guess, speaks for itself. You saw potential in me and pushed me to achieve the most.
Moreover, I think hardly any other professor supports the people in their group as
much as you do, and I appreciate it a lot. Laura, thank you so much for everything
you did for me and for being lenient when I was stubborn at times! I have learned a
lot from you, not just about physics, and I am extremely grateful for all the time we
spent together!

A big thanks also goes to Raffaele Del Grande. The first time we worked together
was back during my masters, when I was trying to finish the p� paper on my own,
and you and Laura luckily stepped in to help polish it up and make it ready for
publication. I could never have done it myself, and I think it was also the start of a
great friendship. We always have an amazing time and a lot of fun together, and you
are always there to support and listen! I am also so grateful to Valentina Mantovani-
Sarti. The time I spent with you in the same office was just hilarious! You are not
just a fantastic person but, of course, also scientist, and literally have answers to
everything. Moreover, you always do your best to help everyone in the group, and
I cannot even count how often you saved my ass. I also enjoyed our work on LK a
lot. Next in line is Dimitar Mihaylov. You not only had to endure sharing an office
with me but also my constant questions and help requests, which you never turned
down. Also, at some point (maybe soon), we will hike up your house mountain in
Sofia together. Further, I would like to thank Igor Altsybeev for his incredible help
with my service work on ALICE 3 outer tracker simulations.

A BIG thanks also goes to my fellow (ex) PhD colleagues, who made everyday
life in Graching more than bearable and were always there to help and support me.
Thanks, Daniel, for working together on the charm analysis; your coding skills and
knowledge of ML were so helpful! Bhawani, I think I would not have survived the
async-QC time without you! Anton, I am not sure if you remember, but you saved
my old laptop with all the data during QM preliminaries back in 2022. . . I can’t
express my gratitude for that, but also for your help with the �NN trigger. Marcel,
you are always fun and helpful, and we finally need to go snowboarding this season!
Berkin, you are an amazing person (and the best Santa); there is nothing you cannot
do! I will always appreciate my (short) time as part of the GEM crew. Maxi, you
somehow manage to always remain calm (at least from the outside perspective),
and you are extra fun. Also, a huge thanks for always organizing our coffee supply!
Without that, I am not sure if I would have survived the long days in the office!
Lukas, you always made my stays at CERN much better, especially when Berkin and
I were there for some weeks working with you on the ITS3 chip testing; thanks for
that! Max, you know so much about physics and are always available to share. I am
also very grateful to my Master’s thesis supervisor, Andi. You taught me everything
about data analysis and how important it is to work clean and precisely. Finally,
Laura (Baby), a huge thanks goes to you. . . you taught Bhawani and me how to
do QC and helped me with the trigger alongside Anton, but, moreover, you are a
great friend and always there if I need advice or talk about anything. We always



vi

had a great time at concerts, and I can’t wait to visit you at CERN! Also, all the other
people in the TUM group that I haven’t named here were amazing!

Moreover, I need to thank Yuki Kamiya, in particular, who provided me with
most of the model correlation functions used in this work. Furthermore, I am ex-
tremely grateful for the collaboration with Tetsuo Hatsuda, Yan Liu, and Takumi
Doi, as well as the rich discussions with Johann Haidenbauer, Albert Feijoo Aliau,
Tetsuo Hyodo, and Volker Metag, who helped me a lot, probably without realizing
it.

I am also very lucky to be surrounded by a great group of friends and family,
and I really wonder why you guys still talk to me even though I ghosted you for
days/weeks at the time during stressful periods at work. Anyways, without you, I
would never have finished the PhD! I cannot list all of you here, but I’m sure you
know who you are. . . While I’m extremely grateful for all the friends back home
who are still in my life, I’ve also met a lot of special people here in Munich, including
Cosi and Dotti, who were my first friends in this city, Tuan, a genuinely good and
generous person you can always rely on, as well as Kim and Jez, who are not only
amazing friends, but also showed me how important it is to follow your heart and
do what makes you happy, no matter how difficult that might be at first. Also,
all my mountaineering, ski touring, snowboarding, trail running, climbing, gym,
and concert buddies have a special place in my heart, as these things keep me sane
and alive. Finally, a big thanks goes to Mum and Dad for their unconditional love,
patience, and support during my whole studies, as well as my Aunt Nine, who is
basically a second mother to me.

It has been a long and tough road, but I managed to reach the end. . . I have no
idea what the future holds, but I’m ready and looking forward to it!



vii

Contents

Abstract iii

Zusammenfassung iv

Acknowledgements v

1 Introduction 1
1.1 The standard model of particle physics . . . . . . . . . . . . . . . . . . . 2
1.2 Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Hadronic interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Theoretical Frameworks . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 Experimental measurements . . . . . . . . . . . . . . . . . . . . 9

2 A novel technique to access the strong interaction 11
2.1 Femtoscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Experimental correlation function . . . . . . . . . . . . . . . . . . . . . . 16
2.3 The two-body interaction . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.1 Scattering theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Scattering parameters . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.3 Bound states and the scattering matrix . . . . . . . . . . . . . . . 24
2.3.4 Coupled channels . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Experimental Setup 29
3.1 The Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2 ALICE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.1 The Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.2 Data reconstruction and structure . . . . . . . . . . . . . . . . . 37
3.2.3 Monte Carlo simulation . . . . . . . . . . . . . . . . . . . . . . . 39

3.3 The resonance-source model . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Interaction between D+ and light-flavor mesons 43
4.1 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1.1 Particle selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Light-flavor mesons . . . . . . . . . . . . . . . . . . . . . . . . . 45
D+ mesons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1.2 Pairing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2 The raw correlation function . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.3 Decomposition of the correlation function . . . . . . . . . . . . . . . . . 62

4.3.1 Contributions from final state interaction . . . . . . . . . . . . . 62
Contribution from misidentified D+ mesons . . . . . . . . . . . 63
Contribution from excited charm states . . . . . . . . . . . . . . 67

4.3.2 Residual contributions . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3.3 Modeling of the correlation function . . . . . . . . . . . . . . . . 69



viii

4.4 Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.5.1 Comparison to model predictions . . . . . . . . . . . . . . . . . 75
4.5.2 Scattering length of the strong interaction . . . . . . . . . . . . . 79
4.5.3 Consistency check with measurements involving D � mesons . . 81
4.5.4 Possible explanations for discrepancies between data and pre-

dictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5 Spin-dependent p–� interaction 85
5.1 The experimental correlation function . . . . . . . . . . . . . . . . . . . 87
5.2 The spin 3/2 channel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3 Pinning down the interaction in the spin 1/2 . . . . . . . . . . . . . . . 93

5.3.1 Potential parametrization . . . . . . . . . . . . . . . . . . . . . . 93
5.3.2 Fit to the data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.4 Systematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.5.1 Cross-check with other potential shapes . . . . . . . . . . . . . . 101
5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

6 Summary 105

A The Lednický–Lyuboshits approach 107

B Additional material on the analysis of the interaction
among D+ and light-�avor mesons 109
B.1 Event-mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
B.2 Weighting of the mixed-event distribution . . . . . . . . . . . . . . . . . 109
B.3 Detector effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
B.4 Contribution to the raw correlation functions from D mesons from

beauty decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

C The L K+ correlation function 115



ix

List of Figures

1.1 The standard model of particle physics . . . . . . . . . . . . . . . . . . . 2
1.2 Illustration of the color �ow in a strong interaction process. . . . . . . . 3
1.3 The QCD interaction vertices . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 The strong coupling constant at different energy scales . . . . . . . . . 4
1.5 Simplistic illustration of the hadronization process . . . . . . . . . . . . 5
1.6 Phenomenological N–N potential as function of the distance r . . . . . 6
1.7 The hierarchy of Feynman diagrams contributing to the nuclear forces

based on Weinberg's power counting scheme . . . . . . . . . . . . . . . 8

2.1 Illustration of the experimental and theoretical interpretation of the
correlation function combined . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Illustration of the modi�cation of the source size due to short-lived,
strongly-decaying resonances feeding into one of the particles of interest 14

2.3 Different correlation functions obtained from Yukawa-type potentials . 15
2.4 Effect of the source radius on the correlation functions associated with

QS effects and the Coulomb interaction . . . . . . . . . . . . . . . . . . 16
2.5 Thep –p and p–p model correlation functions . . . . . . . . . . . . . . 17
2.6 Illustration of different contributions to the measured femtoscopic

correlation function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.7 Schematic picture of the scattering process . . . . . . . . . . . . . . . . 20
2.8 The phase shifts from different scattering potential . . . . . . . . . . . . 21
2.9 Reduced radial wave function for different potentials depicted to-

gether with the extrapolation of the outside wave function . . . . . . . 23
2.10 The scattering amplitude . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.11 The complex momentum and energy plane . . . . . . . . . . . . . . . . 26

3.1 The CERN accelerator complex . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Schematic representation of the ALICE detector during the LHC Run-

2 data-taking period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 Schematic view of the ALICE ITS . . . . . . . . . . . . . . . . . . . . . . 34
3.4 Layout of the ALICE TPC . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.5 Energy loss of particles in the TPC as a function of the momentum . . 36
3.6 The TOF-b as a function of the TPC momentum . . . . . . . . . . . . . 37
3.7 Illustration of a V0 reconstruction and selection, as well as the recon-

struction of a cascade baryon . . . . . . . . . . . . . . . . . . . . . . . . 38
3.8 Illustration of the modi�cation of the core source radius due to the

decay of resonances, feeding into the �nal state particles of interest . . 40
3.9 Measured radii of the Gaussian core source for different particle pairs

as a function of the transverse mass . . . . . . . . . . . . . . . . . . . . . 41

4.1 Illustration of the evolution of a heavy-ion collision . . . . . . . . . . . 44
4.2 DCA, j , h, and pT distributions of pion candidates . . . . . . . . . . . . 46
4.3 DCA, j , h, and pT distributions of kaon candidates . . . . . . . . . . . 47



x

4.4 Particle identi�cation for pions . . . . . . . . . . . . . . . . . . . . . . . 48
4.5 Particle identi�cation for kaons . . . . . . . . . . . . . . . . . . . . . . . 48
4.6 MC template �t results to the measured DCA xy distribution of kaon

and pion candidates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.7 Contributions from the primary vertex, weak decays and material to

the kaon and pion sample as function the transverse momentum . . . 50
4.8 Purity of kaon and pion candidates . . . . . . . . . . . . . . . . . . . . . 50
4.9 Illustration of the decay topologies of the different contributions to

the D+ -meson sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.10 Distributions of ML output scores for combinatorial background can-

didates, prompt, and non-prompt D + mesons . . . . . . . . . . . . . . . 54
4.11 ROC curves for the ML models . . . . . . . . . . . . . . . . . . . . . . . 55
4.12 ThepT-differential purity of the D + -meson candidates . . . . . . . . . . 56
4.13 K�� invariant-mass distribution and raw D + mesons yield as a func-

tion of the BDT-based cut selection in the 2 GeV/ c < pT < 3 GeV/ c
interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.14 Prompt and non-prompt fraction of D + -meson candidates as a func-
tion of pT for the default set of selections . . . . . . . . . . . . . . . . . . 57

4.15 The measured D+ and D � cross sections, the power-law �t to the D � +

cross section, and the D+  D � cross section obtained with PYTHIA 8
as well as the resulting fraction of D + mesons originating from D � +

decays as function of pT . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.16 The correlation function of DK and D � pairs and anti-pairs for the

opposite- and same-charge combination . . . . . . . . . . . . . . . . . . 59
4.17 The raw opposite- and same-charge D–K and D–� correlation functions 60
4.18 The sideband selection on the invariant mass distribution . . . . . . . . 65
4.19 Sideband correlation functions of DK and D � pairs . . . . . . . . . . . 66
4.20 Correlation function of the feed-down contribution from D � K . . . . . 67
4.21 Correlation function of the feed-down contribution from D � � . . . . . 68
4.22 Correlation functions obtained from the HF MC data sample . . . . . . 69
4.23 Experimental D–K and D–� raw correlation functions . . . . . . . . . . 71
4.24 Effective DK and D� source distribution from the RSM . . . . . . . . . 73
4.25 Genuine D–K and D–� correlation functions . . . . . . . . . . . . . . . 74
4.26 Genuine D–K and D–� correlation functions in comparison to theo-

retical model predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.27 Fit of the genuine correlation functions with a model correlation func-

tion from a Gaussian potential . . . . . . . . . . . . . . . . . . . . . . . . 80
4.28 Scattering length of the two D� isospin states extracted from the �t . . 80
4.29 Scattering length of the two D � � isospin states . . . . . . . . . . . . . . 82
4.30 Hadronization time distribution for several species, including D +

mesons, studied with P YTHIA 8.307 . . . . . . . . . . . . . . . . . . . . . 82

5.1 Absolute value of the p–� scattering length obtained from the avail-
able theoretical calculations, simulations, and measurements . . . . . . 86

5.2 The K+ K � invariant mass spectrum and � resonance . . . . . . . . . . 89
5.3 The raw and genuine p–� correlation functions measured by ALICE . 90
5.4 The N–� interaction potential for s = 3/2, calculated on the lattice . . 92
5.5 The4S3/2 potential of the N– � interaction obtained from LQCD sim-

ulations at t/ a = 12 as well as different parametrizations . . . . . . . . 95
5.6 c2 distribution in the ( b, g) plane . . . . . . . . . . . . . . . . . . . . . . 95
5.7 The spin 1/2 and 3/2 p– � interaction potential . . . . . . . . . . . . . . 97



xi

5.8 The genuine p–� correlation function as well as the model and the
two spin contributions unscaled . . . . . . . . . . . . . . . . . . . . . . . 98

5.9 Probability density distribution for the hadron distance 4 p r � 2 � S(r � )
and the 4S3/2 and 2S1/2 potentials, multiplied by the Jacobian term 4 p r � 2 99

5.10 Different versions of the spin 1/2 potential . . . . . . . . . . . . . . . . 101
5.11 The K+ K � invariant mass spectrum obtained from a subsample for

the Run-3 data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

B.1 Multiplicity and z-vertex distribution for HM pp collisions . . . . . . . 109
B.2 Multiplicity distribution in mixed and same event as well as the cor-

relation function for D � K+ pairs . . . . . . . . . . . . . . . . . . . . . . 110
B.3 Multiplicity distribution in mixed and same event as well as the cor-

relation function for D + K+ pairs . . . . . . . . . . . . . . . . . . . . . . 111
B.4 Multiplicity distribution in mixed and same event as well as the cor-

relation function for D � � + pairs . . . . . . . . . . . . . . . . . . . . . . 111
B.5 Multiplicity distribution in mixed and same event as well as the cor-

relation function for D + � + pairs . . . . . . . . . . . . . . . . . . . . . . 112
B.6 Effect of the momentum resolution on the D + K+ � D � K � correlation

function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
B.7 Effect of the momentum resolution on the D + � + � D � � � correlation

function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
B.8 Correlation function from the feed-down contribution from BK . . . . 114
B.9 Correlation function from the feed-down contribution from B � . . . . . 114

C.1 Experimental L K � � L K+ correlation function . . . . . . . . . . . . . . 116





xiii

List of Tables

2.1 Scattering parameters for different types of potentials . . . . . . . . . . 24

3.1 ALICE integrated luminosity . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 RSM particle pairs and info on FSI . . . . . . . . . . . . . . . . . . . . . 40

4.1 Event selection criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2 Light-�avor meson selection criteria . . . . . . . . . . . . . . . . . . . . 51
4.3 D+ -meson daughter track selections . . . . . . . . . . . . . . . . . . . . 52
4.4 Selection on the D+ decay-vertex topology . . . . . . . . . . . . . . . . 52
4.5 ML selection criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.6 Number of DK and D � pairs . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.7 Variation of the kaon selection criteria . . . . . . . . . . . . . . . . . . . 61
4.8 Variation of the pion selection criteria . . . . . . . . . . . . . . . . . . . 61
4.9 Variation of the ML selection criteria . . . . . . . . . . . . . . . . . . . . 62
4.10 Purity and fractions of the light-�avor and D + meson samples . . . . . 63
4.11 l parameters of the individual components of the DK and D � corre-

lation functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.12 l parameters of the D–K and D–� correlation functions . . . . . . . . . 70
4.13 Effective source parametrization . . . . . . . . . . . . . . . . . . . . . . 72
4.14 Predicted scattering lengths of the D–� interaction . . . . . . . . . . . . 77
4.15 Predicted scattering lengths of the D–K interaction . . . . . . . . . . . . 77

5.1 l parameters of the p–� correlation function . . . . . . . . . . . . . . . 90
5.2 The spin 3/2 scattering parameters of the N–� interaction . . . . . . . 92
5.3 Parameters of the spin 3/2 potential parametrization from a �t to the

lattice simulation for the spin 3/2 channel at t/ a = 12. . . . . . . . . . 94
5.4 Variation of the p–� analysis inputs . . . . . . . . . . . . . . . . . . . . 96
5.5 Predicted binding energies of a p� bound state . . . . . . . . . . . . . . 99

C.1 L selection criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116





1

Chapter 1

Introduction

The question of what the world is made of has preoccupied mankind for centuries.
We have come a long way since Greek philosophers such as Leucippus and his stu-
dent Democritus �rst proposed atoms as the indivisible building blocks of matter
more than 2000 years ago. Thanks to the rapid technological advances of the last
century, we are now able to resolve its smallest, fundamental constituents and study
how they interact with each other. Our current understanding of the world and the
laws of nature at the most elementary level is embodied in the Standard Model (SM)
of particle physics, a well-established and tested theory describing all the known
fundamental particles and the forces among them 1.

Quantum quantum chromodynamics (QCD) is the part of the standard model
that focuses on the strong interaction between quarks mediated by gluons. More-
over, it governs the spectrum of strongly interacting composite particles, called
hadrons2, which make up almost the entire mass of the tangible universe. Hadrons
experience the residual effect of the strong interaction, the most prominent exam-
ple of which is the nuclear force between protons and neutrons. At the quark level
in the high-energy regime, the strong interaction is well described by perturbative
QCD (pQCD). At low-energies and subatomic scales, however, where the relevant
degrees of freedom are hadronic, it lacks a coherent understanding due to the break-
down of pQCD. Alternative approaches, such as numerical (lattice) calculations, ef-
fective �eld theories, or phenomenological models, are available, but the measure-
ments needed to test or constrain them are limited. While a reasonable amount of
nucleon-nucleon scattering data is available, realizing such experiments becomes
very challenging to impossible once exotic and unstable particles are involved. In
recent years, this gap has been �lled by correlation measurements at accelerator fa-
cilities such as the LHC. This thesis focuses on studying the residual strong interac-
tion among pairs of unlike hadrons, where one contains strange or charm quarks,
applying the femtoscopy method on data measured by ALICE in pp collisions atp

s = 13 TeV. Before presenting the technique, the experimental apparatus, and the
results of the two primary analyses carried out during my doctoral studies in the
following chapters, an introduction to the SM and strong interaction, with a special
focus on hadrons, is needed.

1Gravity, which is one of the four fundamental forces, is not included in the SM. However, there are
ongoing efforts to provide a quantum theory of gravity and merge it with the SM or �nd an alternative,
unifying theory. However, this is beyond the scope of this thesis. Moreover, gravity is negligible in
its relative strength compared to the strong, electromagnetic, and weak forces and is not relevant on a
microscopic scale.

2Hardons are color-neutral bound states of quarks and gluons.
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FIGURE 1.1: The elementary particles within the standard model. Fig-
ure taken from [1].

1.1 The standard model of particle physics

The standard model of particle physics is the theory describing three of the four
fundamental forces: the strong, electromagnetic, and weak interaction. Moreover, it
classi�es all known elementary particles, as depicted in Fig. 1.1.

The Higgs scalar boson is responsible for the bar mass of the rest of the particles,
while the Gauge vector bosons are the force carries. Due to their bosonic nature,
they all have full-integer spins. Gluons g mediate the strong interaction and couple
to so-called color charge, while photons g are the exchange particles of the electro-
magnetic interaction between particles with electric charge. The mediators of the
weak force are the Z and W bosons. Charged current interactions, related to W-
boson exchange, only involve left-handed particles and right-handed antiparticles,
while the neutral current Z bosons do not distinguish between the chirality of parti-
cles. Due to the large mass of its exchange particles, the weak interaction has a short
range.

The basic building blocks of matter are the quarks and leptons, both fermions
with half-integer spin. Each has six different types (�avors), which are grouped in
pairs according to their mass, resulting in three generations (families). Addition-
ally, each elementary fermion has a respective anti-particle whose quantum state is
interchanged with that of the particle by the combined application of charge con-
jugation C, parity P, and time reversal T. The mass, spin, and lifetime of an an-
tiparticle are the same as those of a particle. Leptons interact via the weak and, if
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FIGURE 1.2: Illustration of the strong process rb ! br. The Feyn-
man diagram, the associated color �ow, and the two time-ordered
diagrams are shown from left to right. Figure taken from Ref. [2].

electrically charged, the electromagnetic force. Each of the negatively charged e, m
and t , is associated with a charge-neutral counterpart neutrino, ne, nm and nt , of al-
most vanishing mass. Quarks, on the other hand, have a non-integer electric charge,
which distinguishes them from the rest of the SM particles. They are divided into
the following families: up-down ( ud), charm-strange (cs), and top-bottom ( tb). Like
leptons, they interact via the weak and electromagnetic forces. However, as the only
color-charge-carrying elementary fermions, they also experience the strong interac-
tion. Due to the peculiarities of the strong force, which will be explained in the next
section, quarks are never observed in nature as isolated particles but only as color-
neutral states bound together by gluons, the hadrons. These subatomic particles are
either built from quarks of three different colors ( qqqor q̄q̄q̄) or the combination of
a quark of one color with an anti-quark of the respective anti-color ( qq̄). The latter
are called mesons, while the former are called baryons. The nucleons (N), which
are either protons (uud) and neutrons (udd) and the stable building blocks of ordi-
nary matter, are examples of such. However, there exists a much larger variety of
hadrons, composed of all possible �avor combinations of quarks and anti-quarks.
Their spectrum, as well as the residual interaction among them, are driven by the
strong force.

1.2 Quantum Chromodynamics

QCD is the theory of the strong interaction. It is formulated in terms of elementary
quark and gluon �elds, whose interactions are governed by the principles of rela-
tivistic Quantum Field Theory (QFT) with a non-abelian gauge symmetry SU (3)color ,
related to the color charges3 red (r), blue (b) and green (g). Each quark can be as-
signed to one of the respective color states, which changes when it emits or absorbs
a gluon. Gluons, on the other hand, exist in one out of eight possible states of color-
anti-color combinations, hence carrying the color difference in strong processes and
ensuring the required conservation of color charge. The quark-gluon interaction ver-
tex and associated color �ow are shown exemplarily in Fig. 1.2. Since gluons them-
selves carry color, they can interact not only with quarks but also with one another,
allowing for three- and four-gluon vertices. They are depicted in Fig. 1.3, together
with the fundamental quark-gluon interaction vertex.

3In this context, color has nothing to do with the visible light spectrum and is only used to label the
three orthogonal states in the SU(3)color space.
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FIGURE 1.3: The three QCD vertices, which arise from the SU(3)color
local gauge invariance of the theory. Figure taken from Ref. [2].

FIGURE 1.4: The measuredas at different energy scales, expressed
in terms of the momentum transfer of the interaction Q, which is
inversely proportional to the distance, compared to the running of
the coupling, which is computed using the PDG-averaged value
as(m2

Z ) = 0.1180� 0.0009 as input. Figure taken from [4].

The QCD Lagrangian is given by [3]

L QCD = å
f

qf

�
i /Dm � m f

�
qf �

1
4

Ga
mnG

mn
a . (1.1)

The �rst term accounts for the coupling between quarks and gluons via the gauge
covariant derivative Dm = ¶m+ igAa

m
l a
2 , where Aa

m(x) are the gluon �elds, l a the
Gell-Mann matrices and g the QCD coupling, related to the strong coupling con-
stant via g2 = as/4 p . The term is summed over the six �avors f of quarks with
current masses m f and described by the quark �elds qf (x). The second term in-
corporates the gluon self-couplings via the gluonic �eld-strength tensor Ga

mn(x) =
¶mAa

n � ¶nAa
m � g fabdAb

mAc
n. The self-interaction of the force-carrying gluons, which

is unique to the strong interaction compared to the other forces, leads to an anti-
screening of the color charge at short distances and high energies, causing the inter-
action to weaken and the quarks to behave as quasi-free particles. This phenomenon
is also referred to as asymptotic freedom, and the corresponding small coupling con-
stant allows for a perturbative treatment of QCD. At large distances and low ener-
gies, on the other hand, as is large, as can be seen in Fig. 1.4. Quarks and gluons are
con�ned in color-neutral hadrons. This is related to the energy stored in the gluon
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FIGURE 1.5: Simplistic illustration of the hadronization process. Fig-
ure taken from Ref. [2].

�elds, which increases with the distance between the individual quarks in a quark-
anti-quark pair until it is energetically favorable to produce another qq̄ pair out of
the vacuum, initiating the process of hadronization, which eventually leads to the
formation of hadrons, as illustrated in Fig. 1.5.

Notably, hadrons are much heavier than the sum of the masses of their elemen-
tary constituents. This missing mass is dynamically generated by the strong in-
teraction among the con�ned quarks and gluons. It is related to the spontaneous
breaking of chiral symmetry, which is respected by the massless QCD Lagrangian 4

but not the ground state of the system, the QCD vacuum. Since the latter is pop-
ulated by scalar quark-anti-quark pairs that mix left- and right-handed quarks as
qq = qLqR + qRqL [5], it is characterized by a non-zero vacuum expectation value
h0jqqj0i 6= 0, also called chiral condensate. The effects of spontaneous chiral symme-
try breaking are most evident in the large mass gap between chiral multiplets, which
share all quantum numbers besides parity, e.g., the � (770) and a1(1260) mesons.
Moreover, it leads to the appearance of spinless Nambu-Goldstone bosons [6–8],
which are identi�ed as the eight pseudo-scalar mesons � � , � 0, K� , K0, K0 and � . No-
tably, they are signi�cantly smaller in mass than the rest of the hadrons.

Coming back to the discussion on the strong coupling constant, the low-energy
regime of color con�nementis still not completely understood due to the complexity
of the quark-gluon dynamics at such scales. This prevents an analytic approach, al-
lowing only numerical solutions of QCD obtained through large-scale computations.
Alternatively, phenomenological models or effective �eld theories can be applied
where the interaction Lagrangians are formulated in terms of collective, hadronic
degrees of freedom. At such energy scales, the residual strong interaction between
hadrons becomes relevant, and measurements of the related hadronic observables
can provide valuable input for constraining the available theories.

1.3 Hadronic interactions

Although quarks and gluons are the fundamental degrees of freedom of QCD, they
are never observed in nature as distinguished particles but only as bound states held

4Chiral symmetry is explicitly broken when the non-vanishing quark masses are taken into account,
as left- and right-handed quark �elds get mixed by the mass term in Eq. 1.1. However, the heavy c, b
and t quarks can be treated effectively as static in low-energy processes. This leaves the light quarksu, d
and s as the only active degrees of freedom whose masses are vanishing. Therefore, chiral symmetry
can still be seen as an approximate symmetry of the QCD Lagrangian.
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FIGURE 1.6: Phenomenological N–N potential as function of the dis-
tance r, given in units of the inverse pion mass m� 1 � 1.5 fm. The
relevant regions characterizing the shape of the potential are high-
lighted and denoted by roman numbers. Figure taken from [9].

together by the strong force. On the subatomic level, i.e., in the non-perturbative
regime of low- and medium-energy physics, hadrons and hadronic interactions,
which are the residual long-range effect of the strong force on the quark level, be-
come relevant.

In particular, the N–N interaction, which is responsible for the formation of
atomic nuclei and, thus, of the matter that surrounds us, is a main interest of nu-
clear physics and has been extensively studied both experimentally and theoreti-
cally. However, interactions involving hadrons with valence-quark content beyond
u and d are also relevant. Strange hadronic matter could, for example, be formed
in high-density environments, such as the core region of neutron stars, and study-
ing interactions involving baryons with s-quark content, so-called hyperons (Y), can
provide essential information for understanding our universe.

Furthermore, the knowledge of hadronic interactions is crucial to predicting
and/or interpreting the hadronic spectrum. Several new exotic states have been dis-
covered in the last decades, especially in the charm sector, whose properties cannot
be described by the conventional constituent quark model. This initiated extensive
studies on their nature, especially in the context of low-energy QCD. Not only can
the measured mass and decay width of such resonances be modi�ed by the interac-
tion between the �nal scattering states, but most of these exotic states are close to the
mass thresholds of pairs of conventional hadrons. They may, therefore, be molecular
or bound states (partially) composed of these pairs or their properties subject to the
effects of coupled-channel hadron-hadron interactions.

1.3.1 Theoretical Frameworks

Processes of interest to nuclear physics or low-energy hadronic physics occur on the
femtometer scale. This corresponds to a small momentum transfer Q and a large
coupling constant as, which makes it impossible to apply pQCD. However, alterna-
tive approaches based on hadronic degrees of freedom have been proven ef�cient in
describing a wide range of low-energy phenomena.
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Indeed, in his pioneering work published in 1935, H. Yukawa was the �rst to de-
velop a theory of the N–N interaction, where the force between nucleons is mediated
by a massive boson [10], just as gluons mediate the strong force between quarks. A
few years later, in 1947, this exchange boson was �nally discovered and identi�ed
as pion after initially mistaking it for the muon [11]. Phenomenological approaches
based on microscopic one or more boson-exchange are still used today. However,
more complex potentials are employed, which can be divided into short-, interme-
diate, and long-range parts, each characterized by different exchange particles, de-
pending on their mass m µ 1/ r. An example of such nuclear potential is illustrated
in Fig. 1.6. At large distances r > 2 fm, corresponding to the region denoted by I in
the plot, one-pion exchange leads to an attractive interaction in line with Yukawa's
original approach. The intermediate attraction in region II (1 fm < r < 2 fm) is
mediated by 2� and/or heavier mesons, like the � , ! and � . The repulsive core
at short ranges r < 1 fm, i.e., region III, which arises from Pauli-blocking at the
quark level, is unresolved at the low-energy scales of nuclear physics. It might,
however, be modeled using heavy vector-meson exchange. A prominent example
that accurately describes the N–N interaction is the Argonne n18 potential, whose
40 adjustable parameters are determined in a direct �t to the Nijmegen pp and np
scattering database, low-energy nn scattering parameters, and the deuteron binding
energy [12]. Phenomenological approaches based on boson exchange have also been
applied to model interactions beyond N–N, such as N–Y [13–17] and Y–Y [18, 19],
but also in the charm sector [20, 21].

An alternative theoretical approach is provided by chiral perturbation theory
(cPT), which is the effective �eld theory of low-energy QCD. As such, it is a system-
atic and model-independent approximation method based on scale separation that
is able to predict physical phenomena within the low-energy domain without know-
ing or assuming the full details of the underlying physics. Its principles were �rst
outlined by S. Weinberg [22, 23]. The effective Lagrangian is consistent with the sym-
metries of low-energy QCD, in particular, the (broken) chiral symmetry. This distin-
guishes cPT from purely phenomenological models. Each term of the Lagrangian is
accompanied by a low-energy coupling constant (LEC), which is to be determined
empirically. Further, the terms are ordered by their importance via an expansion in
powers of Q/ L c , where Q (soft scale) is given by Nambu-Goldstone boson masses,
i.e., m� or mK and derivatives (equivalent to momentum). This guarantees that the
interactions of Nambu-Goldstone bosons vanish in the chiral limit ( m� ! 0) and
zero momentum transfer ( q ! 0). L c � 1 GeV/ c2 is the chiral symmetry breaking
scale (hard scale) and of the size of vector meson masses. The hierarchy of nuclear
forces obtained from cPT is shown exemplarily in Fig. 1.7. Depending on the de-
sired accuracy, the relevant interaction diagrams are calculated up to a given order,
denoted by leading order (LO), next-to-leading-order (NLO), etc. A detailed discus-
sion on the principles of cPT is provided by Ref. [24]. However, similarly to the
phenomenological models, the theory is characterized by several free parameters,
the LECs, which have to be determined from �ts to experimental data. Therefore, it
is essential that enough measurements on a speci�c interaction are available. Oth-
erwise, they have to be constrained by alternative inputs, such as simulations or
data from other hadronic interactions, which can impact the accuracy of the model.
While this is of no concern in the nuclear sector, where plenty of data is available,
the situation changes once one tries to apply it to other 2-body interactions involving
hadrons with valence-quark content beyond u and d, as the number of parameters
increases while data are scarce or non-existent.
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FIGURE 1.7: The hierarchy of Feynman diagrams contributing to the
nuclear forces based on Weinberg's power counting scheme. The
solid lines represent nucleons, the dashed line pions, and the dots and
diamonds are different types of vertices. Figure taken from Ref. [24].
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This issue can be avoided by studying hadronic interactions from non-
perturbative �rst principle lattice QCD (LQCD) simulations, which are based on
the numerical evaluation of path integrals by using Monte Carlo sampling methods.
LQCD is a lattice gauge theory proposed by K. Wilson [25]. It is formulated on a
hyper-cubic lattice, with gluons and quarks on the links and the sites, respectively,
which is characterized by the lattice spacing aand the lattice volume L, as well as the
Euclidean time t. By extrapolating the results obtained in the simulations to the con-
tinuum limit a ! 0 and the thermodynamic limit L ! ¥ , it is possible to compare
them with experimental data [26]. The big advantage of LQCD over the parameter-
dependent methods discussed earlier in this section is that hadronic interactions are
only controlled by the QCD coupling g and the quark masses. Studying them on
the lattice was �rst proposed by Lüscher [27, 28]. His formalism is based on two
hadrons con�ned in a L � L � L box with periodic boundary conditions, whose en-
ergy spectrum is characteristic of the force between them. If the lattice volume is
suf�ciently larger than the interaction range (L � R), a direct relation between the
energy spectrum and the elastic scattering phase shift can be derived. An alterna-
tive approach was developed by Ishii et al. [29] and further advanced within the
HAL QCD Collaboration, where the energy-independent non-local interaction po-
tential U (~r,~r0) is directly determined from the behavior of the equal-time Nambu-
Bethe-Salpeter (NBS) amplitude y (~r) in the internal region j~r j < R. Scattering phase
shifts and other physical observables can then be obtained from the LQCD potential
by solving the Schrödinger equation. This allows a broad application of the HAL
QCD formalism in nuclear physics. Further details can be found in Ref. [26, 30, 31].
Since low quark masses are computationally more expensive, most simulations in
the past have been carried out using non-physical values for quarks and, thus, for
all hadrons. However, ongoing technological and numerical advances are already
making it possible to perform simulations very close to, or even at, physical masses,
and the quality of their results will only improve in the future.

1.3.2 Experimental measurements

Phenomenological models and effective theories, as well as lattice calculations, need
empirical constraints, either to determine their free parameters or to validate their
predictions. In the following, some of the most commonly used experimental meth-
ods for studying hadronic interactions are examined.

Low-energy scattering experiments have been widely used to study both
baryon–baryon and meson–baryon interactions, providing over 8000 data points of
N–N reactions [32, 33]. However, such measurements become more challenging
once strangeness comes into play. While information on the K � –N interaction can
be obtained using secondary kaon beams [34, 35], only few measurements of N–Y
scattering are available, mainly involving L [36] and S hyperons [37, 38], due to
their short lifetime and hence unstable beams. Studies based on hypernuclei, which
are exotic systems where one or more nucleons are replaced hyperons, are easier
to realize [14, 39, 40]. In such experiments, the binding energy of the hyperon in-
side a speci�c nucleus is determined in a kinematic analysis of the decay products.
However, as the hyperon interacts with multiple neighboring nucleons, effects from
many-body interactions are present, and the data cannot be used directly to con-
strain the N–Y two-body interaction. Exotic atoms, i.e., atoms where an electron is
replaced by a negatively charged meson, on the other hand, can be used to study
meson–baryon interactions. By measuring the X-ray de-excitation spectrum of pi-
onc [41] and kaonic hydrogen [42], it is possible to determine the complex scattering
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length of the � � –p and K � –p interaction from the width and shift of the respective
energy level.

Over the past decade, the femtoscopy technique has become essential for study-
ing interactions between hadrons, especially those with s quark content, providing
valuable data with unprecedented statistical precision. The method is based on the
measurement of the correlation function of hadron pairs in momentum space, which
can be used to infer the two-body interaction potential. An extensive discussion of
the theory and experimental method can be found in chapter 2. The ALICE collab-
oration measured the residual strong interaction between several light-�avor and
strange hadrons, including p–p [43], p– p [44], p–K � [45], p–L [43, 46], p–L [44],
p–S0 [47], L –L [43, 48, 48],L –L [44], p–X� [49, 50], p–W� [50], p–� [51], and L –
K � [52]. Recently, also the �rst experimental result in the charm sector was obtained
by measuring the p–D � [53] correlation function. Furthermore, the femtoscopic tech-
nique has been extended to three-body interactions [54], providing measurements of
the p–p–p and p–p–L [55] as well as the p–p–K� [56] system.
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Chapter 2

A novel technique to access the
strong interaction

The femtoscopy method relates momentum correlations between particles produced
close to each other in momentum and position space to the �nal state interaction
between them, as well as their emission region.

It has its origins in intensity interferometry, which was developed in the early
1950s by Hanbury-Brown and Twiss [57], hence also referred to as HBT interferom-
etry, to determine the angular diameter of astrophysical radio sources. The method
is based on the correlation between the signal intensity Ii measured by two indepen-
dent i receivers at each end of a baselined, and its relation to the spatial distribution
of the emitting source via

C(~d) =
hI1I2i

hI1ihI2i
= 1 +

�
�
�
�

Z
d3rr (~r)ei(~k1� ~k2) �~r

�
�
�
�

2

, (2.1)

where~ki is the wave vector light seen in each detector and r (~r) the spatial distribu-
tion of the emission points. In particular, the integral whose absolute square value
enters in Eq. 2.1 is the Fourier transform of the source distribution.

The method was �rst used to determine the angular diameter of astrophysical
radio sources, but later, in 1956, it was also applied to the visual range [58, 59].
This caused controversy in the community at the time [60], which was resolved by
Purcell [61], who explained the approach in terms of quantum mechanics and the
relationship between spin, statistics, and the symmetry of a wave function.

In 1959 Goldhaber et al. [62] observed angular correlations for like-sign pion
pairs in p p annihilation, which, in contrast to unlike-sign pairs, could not be ex-
plained by predictions of the conventional Fermi statistical model. However, by
considering the interference of the production amplitudes due to the symmetriza-
tion requirement of quantum statistics (QS) for identical mesons, the data could be
described qualitatively [63]. The correlation effect was also found to be sensitive
to the size of the interaction volume in which the statistical mixing of states takes
place. Conceptually this approach is a simpli�ed version of the HBT idea, applied
to high-energy particle physics.

The basics of modern femtoscopy were developed in the early 1970s by Kopy-
lov and Podgoretsky [64, 65], who suggested to study correlations as a function of
the separation of particles in momentum space and proposed mixing techniques
to construct an uncorrelated reference sample. The formalism has been re�ned by
Koonin [66], Pratt [67–69] and Lednicky [70–72], among others, taking into account
effects arising from �nal state interaction (FSI), which become relevant when the
particles are emitted close to each other.
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Over the past decades, femtoscopy has become a powerful precision tool in high
energy physics, linking the momentum correlations of two or more particles with
small relative momenta to QS and FSI, which includes both the strong and Coulomb
interactions, as well as the spatiotemporal properties of the emission region. Ini-
tially, it has been used mainly to study the characteristics of particle production at
the 1 fm = 10� 15 m level, using pairs of known FSI. However, it also provides a
unique way to access the strong interaction if the emission process is well under-
stood. This is particularly interesting in the case of exotic particle pairs, for which
classical approaches such as scattering experiments are not feasible due to the lack
of stable particle beams and/or targets.

A detailed description of the femtoscopy framework, both theoretical and exper-
imental, is given in the following sections, while the last part of this chapter focuses
on the two-body interaction in terms of the scattering process. There, the scattering
parameters are introduced, which are used to quantify the residual strong interac-
tion and essential to interpret the measured correlation function.

2.1 Femtoscopy

Summarizing the short dive into the history of femtoscopy at the beginning of the
chapter, it was found that the relative momentum ~p1 � ~p2 of two particles, emitted
in close proximity with nearly equal momentum, is sensitive to the characteristics
of the emission region as well as the FSI, including the strong and Coulomb interac-
tion. In the case of identical particles, also QS, i.e., the symmetrization of the wave
function for each spin state, has to be taken into account.

A unique tool to access this information is the two-particle correlation function,
which is de�ned as the ratio of the conditional probability P(~p1,~p2) of simultane-
ously observing particles with momenta ~p1 and ~p2 to the probability of �nding the
particles independently [67];

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

P(~p1)P(~p2)
. (2.2)

In the absence of any correlation, the expression equals unity, as the two-particle
probability factorizes P(~p1,~p2) = P(~p1) � P(~p2). It is further possible to link the
observation probabilities to particle emission probabilities under the following main
assumptions [69, 71, 72]

1. The mean freeze-out phase space density is suf�ciently small that only mutual
FSI and QS effects in�uence the correlation of particle pairs with small relative
momentum, and higher-order correlations can be neglected.

2. The particle emission is uncorrelated and independent.

3. The momentum dependence of the single-particle emission probabilities
Si (pi , xi ) is assumed to be negligible when the particle four-momentum is var-
ied by the amount characteristic for correlations associated with QS and FSI.

These considerations lead to the following expressions

P(~pi ) =
Z

d4xiSi (pi , xi ) (2.3)

P(~p1,~p2) =
Z

d4x1d4x2S1(p1, x1)S2(p2, x2)jy (p1, x1, p2, x2)j2, (2.4)
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where Si (pi , xi ) describes the probability of emitting a particle with momentum pi

from a space-time point xi = ( t i ,~r i ), hence, containing the all information in the
source. The Bethe-Salpeter amplitude y (p1, x1, p2, x2) accounts for the interaction
between two particles and jy (p1, x1, p2, x2)j2 is unity for non-interacting particles.
Assuming that the two-particle system propagates quasi-free and both particles
are emitted at equal times in the pair rest frame 1 it reduces to y (p1, x1, p2, x2) !
y (~k� ,~r � ), where~r � = ~r �

1 � ~r �
2 is the relative distance between the production points

of the two particles and ~k� = ( m1~p�
1 � m2~p�

2)/ (m1 + m2) their reduced relative mo-
mentum.

FIGURE 2.1: Illustration of the experimental and theoretical interpre-
tation of the correlation function combined. The two gray circles rep-
resent the colliding particles, the blue circles correspond to the par-
ticles produced in the collision, and the red circle is the emission
source S(~r � ). If two particles 1 and 2 (dark blue circles) are emit-
ted close to each other, at distance~r � , with small relative momentum
~k� = ( m2~p�

1 � m2~p�
2)/ (m1 + m2), they experience momentum corre-

lations. These correlations arise from FSI, encoded in the two-particle
wave function y (~r � ,~k� ) and represented by the green arrows, as well
as QS in the case of identical particles.

Following these considerations and further simpli�cations, e.g. no explicit time
or momentum dependence of the source, Eq. 2.2 can be rewritten as a convolution of
the two-particle source function S(r � ) and the two-particle wave function y (~k� , ~r � ),
also referred to as Koonin-Pratt Equation[66, 68],

C(k� ) =
Z

d3r � S(~r � )jy (~k� , ~r � )j2 k� ! ¥���! 1, (2.5)

thus providing a link between a measurable quantity, the correlation function, and
the particle emission and wave function. The latter is associated with the interaction
potential via the Schroedinger Equation (SE) and can be calculated numerically us-
ing the CATS framework [73], which was developed by Dr. Dimitar Mihaylov and
other members in the TUM group. In Femtoscopy, the wave function must satisfy
the outgoing boundary condition where the �ux of the outgoing wave is normalized.
Figure 2.1 illustrates the femtoscopic principle of relating the experimentally mea-
sured correlation function to Eq. 2.5. At large k� the particles separate too quickly to
experience QS effects or any kind of FSI, resulting in a �at correlation function equal
to unity. The relative momentum range of k� < 200 MeV/ c, where the particles have

1The pair rest frame, denoted by the asterisk, is de�ned as ~p�
1 � ~p�

2 = 0
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nearly equal momentum and can interact, is also referred to as the femtoscopic re-
gion. There, the correlation function is sensitive to possible effects related to the FSI
and QS and can deviate from unity.

Assuming a symmetric emission, the two-particle source function S(~r � ) is typi-
cally expressed as the convolution of two single-particle Gaussian sources of width
r0

SG(r � ) =
�
4p r2

0

� � 3/2
� exp

�
�

r � 2

4r2
0

�
. (2.6)

Integrating out the angular dependence results in the probability of emitting two
particles at a certain relative distance

SG
4p (r � ) = 4p r � 2SG(r � ) =

r � 2

2
p

p r3
0

� exp
�

�
r � 2

4r2
0

�
. (2.7)

However, in many physical situations, this approximation is not suf�cient since the
particle samples from which the experimental correlation functions are built also
contain feed-down particles from resonance decays. In particular, those from short-
lived, strongly decaying resonances must be considered, as they cannot be removed
from the measured particle sample due to experimental limitations. Depending on
their lifetime, these resonances either lead to an enhancement of the Gaussian width
by adding contributions to the emission duration proportional to their lifetime or
introduce a long-range exponential tail [74]. How pronounced the latter is, depends
on the particle pair. Figure 2.2 illustrates this effect.

FIGURE 2.2: Illustration of the modi�cation of the source size due to
a short-lived, strongly-decaying resonance (lilac circle) feeding into
one of the particles of interest (dark blue circles).

While a Gaussian pro�le is successful in the description of correlation functions
like p–p and p– L [43], in extreme cases like� –� , a Cauchy/Exponential source func-
tion [75] may be used to account for the excessive resonance tail [76–78]. Such an
approach, however, does not consider the resonances and their properties explic-
itly. An alternative is provided by the resonance source model (RMS). It is based on
a Gaussian core source from which all primordial particles are emitted and whose
width depends on the transverse mass of the pair, and is anchored to experimental
data. The effective enhancement of the source size related to feed-down contribu-
tions is simulated with EPOS, taking into account the relevant, pair-speci�c reso-
nances. The resulting source distribution, which is fully constrained from data or
simulations, can then be parameterized with a single Gaussian or the weighted sum
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of several Gaussian's, depending on the extent of the exponential tail. The RSM is
discussed extensively in Sec. 3.3. It was successfully employed in several previous
femtoscopic analyses [44, 46, 47, 50, 53, 79] and is also used in those presented in this
thesis.

The size of the source depends not only on the speci�c particle pair but also on
the system in which it was produced. Typical values for a Gaussian emission source
in pp and p–Pb collisions at the LHC are between 1 � 1.5 fm [43, 49], while for Pb–Pb
larger values of 3 � 6 fm are found [80].

Due to the convolution of the source function with the wave function, the emis-
sion size in�uences the magnitude of the correlation signal at small k� . This can be
understood from Fig. 2.3. The right plot shows a Gaussian source function for two
radii r0, as well as different Yukawa-type strong interaction potentials of the form

V (r � ) =
A
r � exp (� m� r � ), (2.8)

where A 2 is the dimensionless measure for the potential strength and m� is the mass
of the pion, the exchange particle of the nuclear force. The left plot shows the cor-
responding correlation functions. Notably, the repulsive potential leads to a correla-
tion signal below unity, while the attractive potential results in a correlation function
above 1. A larger source size signi�cantly reduces the magnitude and range of the
correlation signal, as fewer particles are emitted within the range of the potential
and experience the strong FSI. If the attractive interaction is strong enough to sup-
port a bound state, this general picture does not hold anymore, and, depending on
the source size and characteristics of the potential, the correlation function can as-
sume values below unity in the full or partial k� range. Bound states are explicitly
discussed in Sec. 2.3.3.

FIGURE 2.3: Correlation functions obtained for different Yukawa-
type potentials and Gaussian source radii are depicted on the left. The
respective potentials and Gaussian source functions are shown on the
right.

The effect of the emission size on the contributions from QS and the Coulomb
interaction is illustrated in Fig. 2.4, again using a Gaussian source parametrization.

2The values of A used for the potentials shown in Fig. 2.3 have no physical meaning and were
chosen at random to exemplary represent an attractive and repulsive interaction, as well as one that
could, in theory, support a bound state.
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FIGURE 2.4: The correlation function associated with QS effects is
depicted on the left for different Gaussian source radii. The right plot
shows the same for the Coulomb interaction.

The left panel shows the correlation signal from quantum statistics. As can be seen,

CBosons
QS

k� ! 0���! 2 in the case of identical bosons due to the symmetrization require-
ment of the wave function, while the anti-symmetrization of the wave function for

fermions results in CFermions
QS

k� ! 0���! 0.5. While the magnitude of the correlation is
unaffected by the source size, its range is reduced for a larger source by shifting the
signal to a smaller relative momenta. The right panel shows the correlation func-
tions associated with the Coulomb interaction. They are almost independent of the
size of the source, which only becomes relevant at very small k� .

After the contributions from QS, the Coulomb and the strong interaction have
been shown individually for different source sizes, the full p –p and p–p correla-
tion functions and their components are shown in Fig. 2.5 for a Gaussian source of
r0 = 1 fm. In the case of pions, the strong interaction is negligible, and the corre-
lation signal, shown on the left, arises from a combination of the symmetrization
requirement of the wave function and the repulsive Coulomb interaction. The p–
p correlation function, shown on the right, is dominated by the strong interaction,
which is modeled using the Argonne v18 [12] nuclear potential. In the calculation of
the full correlation function, the Coulomb repulsion and the anti-symmetrization of
the wave function are also considered.

2.2 Experimental correlation function

Having explained the theoretical interpretation of the correlation function in the pre-
vious section, the experimental measurement is discussed in the following.

The probabilities in Eq. 2.2 can also be expressed in terms of the Lorentz-
invariant one and two-particle spectra [74], leading to the following expression for
the correlation function

C(~p1,~p2) =
E1E2d6N/ (d3p1d3p2)

(E1d3N/ d3p1)( E2d3N/ d3p2)
. (2.9)
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FIGURE 2.5: The full correlation function as well as its individual con-
tributions is shown on the left for pp , and on the right for pp pairs.

In practice, however, this formal de�nition of the correlation function is rarely used
in high-energy physics. Instead, the correlation between two particles is obtained
experimentally as

C(k� ) = N �
Nsame(k� )
Nmixed (k� )

, (2.10)

where Nsame and Nmixed are the relative-momentum distributions of two particles
emitted in the same (mixed) event 3, and N is a normalization constant, that ensures
Cexp = 1 at large k� , where the femtoscopic signal is absent. The same event distribu-
tion is acquired from all possible pair combinations in single collisions. In contrast,
the mixed event distribution is obtained from mixing particles emitted in separate
collisions, which renders them uncorrelated. Hence, the latter does not include any
FSI effects. It re�ects the phase space of the underlying event and serves as a refer-
ence sample. Due to experimental limitations, the raw correlation signal obtained
from Eq. 2.10 is not clean and can be decomposed as

Craw (k� ) = Cfemto (k� ) � Cnon� femto (k� ), (2.11)

depending on whether or not the �nal state interaction (FSI) among the recon-
structed particles is the underlying mechanism that leads to the measured correla-
tions in k� , denoted asCfemto (k� ) and Cnon-femto (k� ), respectively. Although the selec-
tion criteria are optimized to increase the primary fraction and purity of the candi-
dates, the samples contain a �nite amount of secondary and misidenti�ed particles.
The FSI among these particles will be different to that involving primary particles
only, and hence, results in a different correlation signal. In the case of secondaries,
the mother particle is the one involved in the interaction. The femtoscopic corre-
lation function is therefore further decomposed as Cfemto (k� ) = å i,j l i,j � Ci,j(k� ),
where Ci,j(k� ) arises from the FSI between thei-th and j-th component of the recon-
structed particle samples. Each contribution Ci,j(k� ) is weighted by a so-called l
parameter, which is computed as l ij = pi pj fi fj where pi,j and fi,j are the purities and
primary (secondary) fractions of the i-th and j-th component of the particle samples,
respectively. The individual correlation functions Ci,j(k� ) can be obtained in a data-
driven approach or modeled using Eq. 2.5. The different contributions to Cfemto (k� )

3In the context of this thesis events correspond to individual collisions.
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FIGURE 2.6: Illustration of different contributions to the measured
femtoscopic correlation signal among two particles. The black arrows
represent the primary particles of interest, the blue arrow a resonance,
which decays into one of the particles of interest, hence representing
the feed-down contribution, and the red arrow corresponds to a fake
or misidenti�ed particle.

are illustrated in Fig. 2.6. In particular, the contribution from the interaction of pri-
mary particles is also referred to as genuine while feed-down contributions refer to
those involving secondary particles from weak decays or longer-lived strong decays.
All short-lived, strongly-decaying resonances with hct i < 5 fm are absorbed in the
source function, as discussed in the previouse section.

The residual non-femtosopic background Cnon-femto (k� ) is multiplicative as it af-
fects all pairs, independently of their origin, i.e. whether or not they are built, for
example, from misidenti�ed, primary or feed-down particles 4. It can affect the raw
correlation function in the full k� range and arises from energy-momentum conser-
vation effects, biases related to the event mixing, as well as auto-correlations as-
sociated with the production of particles within jet-like structures. The latter, also
referred to as minijet background, is typically associated with initial hard processes
at Parton level [81], which lead to auto-correlated particle pairs that induce long-
range structures to the measured correlation function, also affecting the sensitive
femtoscopic region. The creation of minijets can be better understood in terms of
string fragmentation [82], which is based on the gluonic �elds between quarks and
anti-quarks that are arranged as color �ux tubes (strings) and give rise to a linearly
increasing energy as the quarks separate and the tube is stretched [83]. At some
point, it is energetically more favorable that the sting breaks, creating less energetic
(qq) pairs from the vacuum. This process continues until the energy is low enough
for the quarks to hadronize. If hadrons are produced by a single string, they are
collimated, leading to cone-like emission structures, the minijets. Cnon-femto (k� ) is
typically obtained from Monte Carlo simulated data where the FSI is absent and/or
a simple polynomial baseline, depending on how pronounced the minijet contribu-
tion is.

The genuine correlation function is the holy grail of any femtosopic analysis,
which aims to study the unknown residual strong interaction between a given par-
ticle pair. To isolate it, all other contributions to Cfemto (k� ), as well as the remaining
residual background not related to FSI, Cnon-femto (k� ), have to be understood.

4If the non-femtoscopic background is added with some weight parameter l non� femto , leading
to Craw (k� ) = l non� femtoCnon� femto (k� ) + ( 1 � l non� femto )Cfemto (k� ), instead of being multiplied, it
would mean that it only affects a fraction of pairs, which do not undergo any sort of FSI. As the non-
femtosopic background affects all particle pairs in addition to the pair-speci�c FSI, it is multiplied.
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2.3 The two-body interaction

With the femtoscopy framework now in place, the last part of this chapter focuses on
its connection to the FSI, in particular, the residual strong interaction. As already dis-
cussed, the correlation function directly depends on the two-particle wave function,
which is expressed in the relative coordinates k� and r � in the center-of-mass frame.
The wave function is hence obtained by solving the SE for the respective interaction
potential V (r � ), which has a �nite range R, is spherically symmetric and invariant
under rotation. Considering that only small relative momenta are studied, the prob-
lem can be treated non-relativistically. Further, a steady state is assumed, as the in-
teraction between the particles is quick. Therefore, the wave function, which charac-
terizes the system within the potential range, is determined by the time-independent
SE

Ey (r � ) = H y (r � ) :=

 

�
h̄2r 2

2m
+ V (r � )

!

y (r � ), (2.12)

where m = m1m2/ (m1 + m2) is the reduced mass of the pair. The total energy is

given by E = h̄2k� 2

2m and y (r � ) = y~k� (r � , q) depends only on the relative momentum
~k� and distance r � as well as the angleq due to the symmetry of the potential.

2.3.1 Scattering theory

The interaction between two particles is equivalent to a scattering process, where the
initial state of the pair is transformed into a �nal state due to the action of the two-
body interaction potential. The following discussion is based on Ref. [84], which I
highly recommend for reading.

The initial state is described by an incident plane wave that moves towards a
scattering region. There, the particles interact and the pair transitions into the �nal
state, which at large distance is an outgoing spherical wave. The asymptotic wave
function is hence given as

y (r � ) ���!
r � ! ¥

N
�

ei~k� �~r �
+ f (q)

eik� r �

r �

�
, (2.13)

where N is a normalization constant and f (q) is the scattering amplitude, which is
a measure of how much the incident wave is scattered. The process is illustrated in
Fig. 2.7. At large r � , the exact solution of the SE has to match the asymptotic form of
the wave function.

Since angular momentum is conserved for potentials of the form V (r � ), it is con-
venient to employ partial wave expansionand decompose the wave function into com-
ponents of the angular momentum speci�ed by the quantum number l . For a plane
wave, this leads to

ei~k� �~r �
=

¥

å
l= 0

i l (2l + 1) j l (k� r � )Pl cos(q), (2.14)

where Pl cos(q) are the Legendre polynomials and j l (k� r � ) the spherical Bessel func-

tions, which can be expressed in terms of spherical Hankel functions h(1)
l (k� r � ) r ! ¥��!

(� i) l+ 1 exp ( ik� r � )/ k� r � and h(2)
l (k� r � ) r ! ¥��! ( i) l+ 1 exp (� ik� r � )/ k� r � as

j l (k� r � ) =
h(1)

l (k� r � ) + h(2)
l (k� r � )

2
(2.15)
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FIGURE 2.7: Schematic picture of the scattering process involving
an incident plane wave and an outgoing spherical wave. The gray
shaded area illustrates the scattering region, characterized by a cen-
tral potential. The scattering amplitude f (~k,~k0), which indicates how
much of the incident wave is scattered, depends on the initial momen-
tum ~k and the �nal momentum ~k0, with k = k0. Due to the symmetry
of the potential, f (~k,~k0) = f (q), ultimately only depends on the scat-
tering angle q.

Motivated by Eq. 2.14, the partial wave expansion of the full wave function is

y (r � ) = N
¥

å
l= 0

i l (2l + 1)Rl (r � )Pl cos(q) = N
¥

å
l= 0

i l (2l + 1)
ul (r � )

r
Pl cos(q), (2.16)

where ul (r � ) is the reduced radial wave functionwhich satis�es the SE in spherical
coordinates, also called radial SE,

Eul (r � ) =

 

�
h̄

2m
d2

dr � 2 +
l ( l + 1) h̄2

2mr � 2 + Vl (r � )

!

ul (r � ). (2.17)

This equation is ultimately solved numerically by frameworks like CATS, and the
wave function used to calculate the correlation function. Analogous to Eq. 2.15, the
following expression can be used for the radial wave function

Rl (r � ) =
ul (r � )

r � = c(1)
l h(1)

l (k� r � ) + c(2)
l h(2)

l (k� r � ), (2.18)

which corresponds to j l (k� r � ), if c(1)
l = c(2)

l = 1/2. For this speci�c choice of coef�-
cients and N = 1, Eq. 2.16 reduces to the plane wave solution. Therefore, the ratio
of the coef�cients can be used to quantify the impact of the scattering potential in
terms of the phase shift dl (k� ) and scattering matrix Sl (k� )

c(1)
l

c(2)
l

= Sl (k� ) = e2idl (k� ) . (2.19)

In the asymptotic limit, Eq. 2.16 can be rewritten as

y (r � ) ��!
r ! ¥

N
¥

å
l= 0

(2l + 1)
ik� r � c(2)

l

h
e2idl (k� )eik� r �

� (� 1) l e� ik� r �
i

Pl cos(q), (2.20)
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(A ) Attractive potential with d0 > 0. (B) Repulsive potential with d0 < 0.

FIGURE 2.8: Illustration of the effect of the s-wave ( l = 0) scattering
potential on the phase shift d0 of the outgoing wave (black line) in
comparison to the free incoming wave (gray line).

by considering the behavior of the Hankel functions for r ! ¥ and Eq. 2.19. By com-
paring this expression to Eq. 2.13, with the plane wave replaced with its asymptotic
form 5, the scattering amplitude can be extracted as a function of the phase shift

f (q) =
¥

å
l= 0

(2l + 1)
e2idl (k� ) � 1

2ik� Pl cos(q), (2.21)

where the fraction

fl (k� ) =
e2idl (k� ) � 1

2ik� =
1

kcot (dl ) � ik� (2.22)

is also referred to as partial wave amplitude and can be related to the scattering
matrix via

Sl (k� ) = 1 + 2ik� fl (k� ). (2.23)

To properly match the exact solution to the asymptotic form, the scattering am-
plitude and, hence, the phase shift of the wave function have to be evaluated. These
quantities provide information on the interaction. Physics-wise, the phase shift cor-
responds to the change in the phase of the outgoing wave function with respect to
the incident wave due to the scattering or interaction process. Figure 2.8 illustrates
the reduced radial wave function for different interaction potentials. The incoming
wave is shown in gray, while the black line corresponds to the scattered outgoing
wave in the case of an attractive potential on the left and a repulsive one on the
right. Outside the potential range R, the outgoing wave corresponds to the free
particle solution, and the observed phase shift is determined within r � < R; an at-
tractive potential leads to dl > 0 as it pulls the particles towards each other, while a
repulsive interaction pushes them away, leading to dl < 0.

2.3.2 Scattering parameters

The s-wave (l = 0) scattering parameters are a measure of the strong interaction,
commonly predicted by theory and measured in experiments. They are independent
of the shape of the potential at low energies. Hence, different potentials can be tuned
to result in the same scattering parameters, producing the same phase shift.

5Eq. 2.20 with N = 1 and c(2)
l = 1/2
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In the low energy limit k� � R, the particles cannot overcome the centrifugal
barrier, which is the repulsive l-dependent term in Eq. 2.17. Hence, partial waves
with l > 0 can be neglected, and the s-wave component of the solution is dominant,
for which the centrifugal barrier vanishes. The radial s-wave wave function is given
by Eq. 2.18

R0(r � ) =
u0(r � )

r � = eid0

�
1

k� r � sin (k� r � + d0)
�

. (2.24)

In the zero kinetic energy case, where k� � 0, the radial SE, given by Eq. 2.17, reduces
to

u00
0 (r � > R) = 0, (2.25)

outside the potential range, where V (r � ) = 0. A possible solution is

u0(r � > R) = N (r � + a0) µ (r � + a0), (2.26)

where a0 is the scattering length and N a normalization constant. Its logarithmic
derivative u0(r � )/ u(r � ) has to match the one of the reduced radial wave function
u(r � ) in Eq. 2.24 for k� ! 0. This results in

lim
k� ! 0

k� cot (d0) =
1
a0

, (2.27)

for r � = 0. Finally, this implies the following for the s-wave scattering amplitude,
which is given by Eq. 2.22,

f0(k� ) = lim
k� ! 0

1
k� cot (d0) � ik� = a0. (2.28)

Following Eq. 2.26, the scattering length can be interpreted as the negative inter-
cept of the extrapolation of the reduced radial outside wave function. Figure 2.9
shows u(r � ) for the three different Yukawa-type potentials plotted in the left panel
of Fig. 2.3, as well as the extrapolation of Eq. 2.26 tor � < R. In the case of an attrac-
tive interaction, the scattering length is positive, as the intercept is on the negative
side of the r � -axis. For a repulsive interaction, the opposite is observed, and the scat-
tering length is negative. In the case of a bound-state supporting attractive potential,
the intercept is on the positive side, hence, the scattering length is also negative. No-
tably, the sign convention of the scattering length used in femtoscopy is opposite to
the classical one.

Further, the scattering length is related to the low-energy differential cross sec-
tion via d � /d W = j f0j2. Hence, the scattering cross section� = 4p a2

0 can be inter-
preted as the area of a circle with radius 2a0 and the scattering length as effective size
of the target potential [85, 86].

For �nite but small k� R, the term k� cot (d0) can be expressed in powers ofk�

lim
k� ! 0

k� cot (d0) =
1
a0

+
1
2

d0k� 2 + O(k� 4), (2.29)

where d0 is the effective range, which can be understood as the real rangeof the
scattering potential [87]. This expression is also referred to as effective range expansion
and implies the following for the scattering amplitude

f0(k� ) = lim
k� ! 0

1
k� cot (d0) � ik� �

�
1
a0

+
1
2

d0k� 2
� � 1

. (2.30)
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(A ) Attractive Yukawa-type potential using
A = � 0.15.

(B) Repulsive Yukawa-type potential using
A = 0.15.

(C) Attractive Yukawa-type potential
(A = � 1.20), which is strong enough to support a

possible bound state.

FIGURE 2.9: Reduced radial wave function u(r � ) for different po-
tentials as well as the extrapolation of the outside wave function,
given by Eq. 2.26. The intercept corresponds to the negative scatter-
ing length in the femtoscopic sign convention.
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FIGURE 2.10: The scattering amplitude and �t with the effective
range expansion, de�ned in Eq. 2.30, at low k� .

Potential type a0 [fm] d0 [fm]

Attractive 3.21� 0.12 5.96� 0.16
Attractive + Bound state � 6.16� 0.02 2.83� 0.26

Repulsive � 0.98� 0.01 � 5.14� 4.40

TABLE 2.1: Scattering parameters for different types of potentials.

This function is used to extract the s-wave scattering parameters of a given strong
interaction potential. Figure. 2.10 shows the scattering amplitude for the same
Yukawa-type potentials used previously in this chapter, as well as a �t with Eq. 2.30
at low k� . The resulting scattering parameters are listed in Tab. 2.1.

So far, all examples discussed in this section were restricted to the real number
set. However, the potentials and scattering parameters are complex and can have a
non-negligible imaginary contribution, which accounts for inelastic scattering, de-
cay, or absorption processes.

2.3.3 Bound states and the scattering matrix

This last section focuses on bound states, which are especially relevant for the anal-
ysis presented in chapter 5. Following the discussion in the previous sections, a
two-body interaction that is attractive enough to support the formation of a bound
state is characterized by a negative scattering length a0 < 0. The corresponding cor-
relation function can take values below unity at low k� , which is the typical behavior
expected for repulsive interaction potentials.

In general, two particles can form a bound state if the SE allows for a solution
with discrete energy E < 0. For r � > R, the radial SE is given by

u00(r � ) = �
2mE

h̄
u(r � ) = k2u(r � ). (2.31)

A solution that also satis�es the condition that u(r � ! ¥ ) is �nite, is given by

u(r � ) µ exp (� kr � ). (2.32)
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The inside solution for a bound state with negative but small E is essentially the
same as for scattering with zero kinetic energy. Therefore, the logarithmic deriva-
tives of the corresponding outside solutions Eq. 2.32 and 2.26 have to match at
r � = R. Hence,

�
keik

eik

�
�
�
�
r � = R

=
1

r � + a

�
�
�
�
r � = R

. (2.33)

For R � a, it reduces to k = 1/ a and the binding energy is given by

EBE = �< (E) =
h̄2k2

2m
h

h̄2

2ma2 . (2.34)

As there is no incident wave in the case of a bound state, the ratio in Eq. 2.19
is in�nite and S0(k� ) ! ¥ leading to a pole in the scattering matrix. From the
relation given by Eq. 2.23 it can be seen that the pole appears if the denominator of
the scattering amplitude vanishes. From Eq. 2.22 and 2.27 one obtains

f0(k� ) =
1

1/ a0 � ik� , (2.35)

resulting in a pole at k� = i / a0 = ik. Using the effective range expansion Eq. 2.29
instead, one obtains

k� = ik =
i

d0

 

1 �

s

1 + 2
d0

a0

!

(2.36)

and ultimately a binding energy of

EBE h
h̄

2md2
0

 

1 �

s

1 + 2
d0

a0

! 2

. (2.37)

This also restricts the relation between the scattering length and effective range to
d0 > � a0/2. Further, the position of the poles of the scattering matrix in the com-
plex momentum ( k� ) and energy (E) plane can be used to identify the nature of
composite states. The different classi�cations are shown in Fig. 2.11. Bound and
quasibound states are located on the physical sheet of the energy plane, correspond-
ing to = (k� ) > 0, and are characterized by < (E) < 0. In the case of a bound state,
= (E) = 0, as the pole in the scattering matrix appears at k� = ik. Virtual states
and resonances, on the other hand, are located on the nonphysical energy sheet with
= (k� ) < 0. Further, resonances have< (E) > 0. The blue glowing line in the mo-
mentum plane, corresponding to real k� > 0, represents physical scattering states.

2.3.4 Coupled channels

Coupled channel dynamics emerge whenever particle pairs with similar mass share
the same quantum numbers and can transition from one system to the other on- and
off-shell. Depending on the coupling strength, these inelastic channels can have
a strong effect on the hadron–hadron interaction and the formation of bound or
molecular states as well as resonances, hence, altering the shape of the correlation
function. As shown in Ref. [89], below-threshold channels might induce an effective
attraction, shifting the correlation function upwards. Above-threshold channels, on
the other hand, can lead to a cusp structure close to their opening momentum in the
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FIGURE 2.11: The complex momentum (left) and energy plane (right),
related via E = k� 2/2 m. Figure adapted from a plot seen in Ref. [88].

rest frame of the �nal state particles, which is given by

k� =

s
D2

i � (m1 � m2)2

(m̃1 + m̃2)2 , (2.38)

where the massesmj of the particles forming the heavier pair are denoted by tilde
and Di = 1

2 � (( m̃1 + m̃2)2 � (m2
1 + m2

2)) 6. Therefore, coupled channel dynamics can
be crucial to correctly interpreting correlation measurements. For a given pair i in
the �nal state, Eq. 2.5 can be rewritten as

C(k� ) =
Z

d3r � Si (r � )jy i (~k� , ~r � )j2 +
Z

d3r � å
j6= i

w jSj (r � )jy j (~k� , ~r � )j2, (2.39)

where the sum runs over all inelastic channels j, which couple to the �nal state. Their
contribution to the full correlation function is weighted by w j , which is determined
by the population of the respective initial state. As the relevant coupled channels
are close in mass,Sj (~r � ) � Si (~r � ). The wave functions are constrained by the out-
going boundary condition, where the outgoing wave of the measured channel i is
normalized and determined by the coupled-channel Schrödinger equation
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where the elements H i j of the Hamiltonian matrix give the transition from state i to
j. The diagonal terms account for elastic processes, while the off-diagonal elements
describe inelastic transitions. A detailed explanation of the formalism can be found
in Ref. [89]. Typically, only relevant channels close to the threshold that strongly

6This formula can also be used to determine the position of resonances, which decay into the �nal
state particle pair by replacing m̃1 + m̃2 with the mass M of the respective resonance.
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couple to the �nal state are considered in the calculation. Furthermore, decay ef-
fects related to lower-mass channels, that are not explicitly included within Eq. 2.40,
might be accounted for by introducing an imaginary part to the interaction potential.
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Chapter 3

Experimental Setup

As discussed in the previous chapter, the method of femtoscopy offers a unique
possibility to study the interaction among particle pairs involving unstable, exotic
species. The Large Hadron Collider (LHC) provides the ideal experimental envi-
ronment for such studies due to the large collision energy and luminosity, which
results in a large data sample that includes a signi�cant amount of rare and heavy
particles. The small emission region of � 1 fm, created in pp collisions at the LHC,
is another bene�t that allows the study of shallow �nal state interactions. Addition-
ally, the availability of larger colliding systems, such as heavy ions, makes it possible
to extend and deepen such studies.

Located at CERN in Geneva in the tunnel of the former Large Electron-Positron
collider, the LHC was successfully commissioned in 2010 with a main focus on the
Higgs boson, searching for dark matter as well as deepening the understanding of
the standard model of particle physics and beyond. While the former was discov-
ered in 2012 [90, 91], the four major experiments at the LHC, ALICE (A Large Ion
Collider Experiment), ATLAS (formerly known as A Toroidal LHC Apparatus), CMS
(Compact Muon Solenoid), and LHCb (The Large Hadron Collider beauty) have
provided results well beyond the original physics program.

Especially ALICE, on whose data this thesis is based, contributed to a better un-
derstanding of several QCD-related topics over the past two decades [92]. Not only
did it determine parameters of the quark-gluon plasma (QGP) by measuring, for ex-
ample, particle yields or momentum anisotropies in heavy-ion collisions and stud-
ied the evolution of such collisions starting from the initial state, but also inferred
observables related to QCD by investigating, among others, �nal state hadronic in-
teractions employing femtoscopic correlation techniques. For such studies, excellent
particle identi�cation (PID) capabilities, especially at low and moderate transverse
momentum, are essential, which are unique to ALICE in comparison to the other
main experiments at the LHC.

The following sections of this chapter focus on the essential parts of the exper-
imental setup that provided data for the different studies presented in this work.
Technical details on the LHC can be found in Sec. 3.1, while ALICE is intensively
discussed in Sec. 3.2. The last Sec. 3.3 introduces the resonance-source model in
detail, which is directly anchored to ALICE data.

3.1 The Machine

The LHC [93], also referred to as the machine, is the most powerful accelerator so far
and is designed for a center-of-mass energy of

p
s = 14 TeV and an unprecedented

luminosity of L = 1034 cm� 2s� 1. The high beam intensities needed to achieve this
require the LHC to be a particle-particle collider, which can operate with different
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colliding systems, i.e., pp, p–Pb, and Pb–Pb. The counter-rotating hadron beams cir-
culate in two separate rings by means of superconducting twin-bore magnets inside
the tunnel of the former Large Electron-Positron collider (LEP), which has a circum-
ference of 26.7 km and is located at CERN, the European Organization for Nuclear
Research.

Due to an incident in one of the main dipole circuits during the �rst commis-
sioning in 2008 [94], it was decided to operate the LHC during its �rst data-taking
period, the Run-1, with a reduced center-of-mass energies of

p
s = 7 � 8 TeV for

pp collisions. After a long shutdown, where parts of the accelerator were upgraded
to ensure safe operation at higher energies [95], the LHC Run-2 started in 2015 with
a center-of-mass energy of

p
s = 13 TeV. The collider reached and exceeded its

design luminosity by a factor of two during this second data-taking period, which
ended in 2018. Following another long shutdown, the upgraded LHC started oper-
ating again in 2022 with Run-3 and a collision energy of

p
s = 13.6 TeV, aiming for

longer luminosity levellings at L = 2 � 1034 cm� 2s� 1 with respect to Run-2 [96]. The
integrated luminosity recorded by ALICE in pp collisions during the different runs
is listed in Tab. 3.1.

FIGURE 3.1: The CERN accelerator complex with the LHC as the last
building block of the injection chain, where protons are accelerated to
beam energies of up to 6.8 TeV. Figure taken from Ref. [97].

The large collision energies of the LHC can only be achieved due to a complex ac-
celerator system, which is depicted in Fig. 3.1. Extracted from a hydrogen source via
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Run year
p

s (TeV) L int

1 [98] 2009-2013

0.9 � 200mb� 1

2.76 � 100 nb� 1

7 � 1.5 pb� 1

8 � 2.5 pb� 1

2 [98]
2015,2017 5.02 � 1.3 pb� 1

2015-2017 13 � 25 pb� 1

3 [99]
2022

13.6
� 19.3 pb� 1

2023 � 9.7 pb� 1

2024 � 45.9 pb� 1

TABLE 3.1: Integrated luminosity of pp collision data, collected by
ALICE during the different runs.

ionization, protons enter the proton injection chain at the linear accelerator Linac2,
which they leave at beam energies of 50 MeV. From there, the particles move through
the Proton Synchrotron Booster (PSB) into the Proton Synchrotron (PS), where they
are accelerated to energies of 1.4 GeV and 25 GeV, respectively. In the subsequent Su-
per Proton Synchrotron (SPS) the protons reach 450 GeV, before being injected into
the LHC. During the magnet ramp, they are accelerated to the �nal maximum en-
ergies required for collisions at the four interaction points (IP), where the produced
particles are measured by ALICE, ATLAS, CMS, and LHCb. The proton beams con-
sist of up to 2808 particle packages, so-called bunches, which are spaced by 25 ns
and have a maximum proton density of � 1.15� 1011 each.

Lead and other heavy-ions, produced by the electron cyclotron resonance source
(ECR), follow a slightly different path upstream of the PS [100], starting with the
heavy-ion Linac3 linear accelerator. From there the ions are injected into the Low En-
ergy Ion Ring (LEIR) where they are accumulated and transformed into short, dense
bunches before merging with the proton injection chain. Finally, Pb–Pb collisions atp

sNN = 5.02 TeV were obtained at the LHC during Run-2, with luminosities of
L = 1027 cm� 2s� 1.

3.2 ALICE

The "dedicated heavy-ion experiment" of the LHC is designed to perform at high
particle multiplicities up to d Nch/d h � 8000 and cover a wide momentum range,
where excellent PID is required. Before Run-3, it operated at lower intensities and
readout rates than the high-luminosity LHC experiments ATLAS and CMS. During
the last long shutdown, the detector was upgraded, leading to readout rates com-
patible with those of the other experiments. However, as this thesis is based on
data measured during the Run-2, the focus will lie on the corresponding version of
the experimental apparatus. Section 3.2.1 concentrates on the detector and its main
sub-modules, while the data reconstruction and structure are described in Sec. 3.2.2.
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3.2.1 The Detector

The ALICE detector, which has the dimensions 16 � 16 � 26 m3 and weighs around
10,000 t, is located at IP2 of the LHC in France. It comprises 19 sub-modules, de-
picted schematically in Fig. 3.2. A detailed description of the apparatus and its per-
formance can be found in Ref. [101–104].

The central barrel part covers pseudorapidities 1 of jhj < 0.9 and the full az-
imuth and is enclosed in a large solenoid magnet that delivers a magnetic �eld up
to B = 0.5 T parallel to the beam direction. It includes several detectors, which
are radially layered around the beam pipe, starting with the Inner Tracking Sys-
tem (ITS). The ITS is a six-layer silicon detector, which is used to reconstruct the
primary collision vertex, as well as tracking and PID. It is followed by a large, gas-
�lled volume, the Time Projection Chamber (TPC). Together with the ITS it is the
main charged-particle tracker of ALICE. Progressing outwards, there is the Transi-
tion Radiation (TRD) and the Time of Flight (TOF) detector, which complement the
tracking at intermediate momenta and are used for electron and charged-particle
PID, respectively. They are followed by the photon spectrometer (PHOS) and the
electromagnetic calorimeters (EMCaL), which cover the space in the azimuth and
are used to measure jets, photons, neutral mesons, and electrons. Last, there is a
High Momentum Particle Identi�cation Detector (HMPID), which extends PID to
larger momenta.

While the central barrel detectors measure hadrons, electrons, and photons,
muons are detected by means of a large dipole magnet and a set of forward detectors,
which cover a pseudorapidity region of � 4.0 < h < � 2.5. The Photon Multiplicity
Detector (PMD) and Forward Multiplicity Detector (FMD) are also located in the for-
ward direction and are used to measure photons and charged particles. Also, the V0,
T0, and two sets of Zero-Degree Calorimeters (ZDC) belong to this category. The for-
mer is used for trigger purposes and to characterize an event in terms of multiplicity
and centrality; The T0 detector provides information on the timing of the collision
as well as its position in beam direction; And the latter is employed to determine
the centrality of the collisions and to reject out-of-bunch interactions by detecting
spectator neutrons. Finally, the ACORDE scintillators on top of the scintillator are
used to trigger cosmic rays.

In the following paragraphs, more detailed information will be provided on the
ALICE detectors relevant to this work.

Trigger System

The ALICE trigger system is used to optimize the number of selected events and
pick the most interesting collisions to study. It consists of a hardware trigger, called
the Central Trigger Processor (CTP), and the software-based High-Level Trigger
(HLT) [101, 104].

The trigger decision of the CTP is based on information about the LHC bunch-
�lling scheme to suppress background, as well as signals from various fast-
responding detectors, the most important of which is the V0. This detector consists
of two arrays of scintillators located on opposite sides of the nominal vertex (z=0)
and segmented into four rings in radial direction. While V0-A lies at z = 329 cm,
covering backward-pseudorapidities of � 3.7 < h < � 1.7, the 4 rings of V0-C are po-
sitioned within a range of z 2 [� 88,� 86] cm, leading to a pseudorapidity-coverage

1The pseudorapidity h is de�ned as h = � ln [tan q/2 ], with q the polar angle. It is used to describe
the angle of a particle relative to the beam axis z.
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