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Abstract

A measurement of multiplicity-dependent strangeness production in fixed-target collisions is conducted
using data from the LHCb experiment at CERN. The measurement is motivated by observations of
strangeness enhancement, the increase of strangeness production as a function of multiplicity, in various
collision systems reported by the ALICE collaboration. Additionally, in the context of astroparticle
physics, the presence of strangeness enhancement is of interest as it could explain the muon excess
observed in extensive air showers, known as the Muon Puzzle. The analysis is performed on data
collected with the fixed-target configuration of the LHCb experiment called SMOG, employing helium
and neon as targets at a nucleon-nucleon centre-of-mass energy of 110 GeV. Differential cross-section
ratios of the single strange particles K?, /A, and Ato charged pions are measured in intervals of rapidity
in the centre-of-mass frame and transverse momentum; for the study of strangeness enhancement,
these ratios are additionally provided in intervals of multiplicity. The resulting cross-section ratios
are compared with predictions of state-of-the-art hadronic event generators. None of the generators
provide a consistent description of the data within experimental uncertainties. No significant hints of
multiplicity dependent strangeness production are observed.

Kurzfassung

In dieser Arbeit wird eine Messung der multiplizitatsabhéngigen Strangeness-Produktion in Fixed-Target-
Kollisionen mit Daten des LHCb-Experiments am CERN vorgestellt. Die Messung ist motiviert durch
Beobachtungen von erhohter Strangeness-Produktion als Funktion der Multiplizitét, genannt Strangeness
Enhancement, die von der ALICE-Kollaboration in verschiedenen Kollisionssystemen gemacht wurden.
Im Kontext der Astroteilchenphysik ist zudem das Auftreten von Strangeness Enhancement von Interes-
se, da es den als Myon-Ritsel bekannten gemessenen Myon-Uberschuss in Luftschauern erkliren kénnte.
Fir die vorliegende Analyse wurden Proton-Helium- und Proton-Neon-Datensiatze verwendet, die mit-
hilfe des SMOG-Systems des LHCb-Experiments bei einer Nukleon-Nukleon-Schwerpunktsenergie
von 110 GeV aufgezeichnet wurden. Gemessen wird das Verhaltnis zwischen dem differenziellen Wir-
kungsquerschnitt von Teilchen mit Strangeness-Quantenzahl ( K?, A und A) und dem differenziel-
len Wirkungsquerschnitt von geladenen Pionen. Die Messung erfolgt in Intervallen der Rapiditat im
Schwerpunktsystem sowie des Transversalimpulses. Zur Untersuchung der multiplizititsabhéngigen
Strangeness-Produktion werden die Verhaltnisse zusatzlich in Intervallen der Multiplizitat gemessen.
Die resultierenden Wirkungsquerschnittsverhiltnisse werden mit den Vorhersagen gegenwirtiger Mo-
delle hadronischer Wechselwirkungen verglichen. Keines der Modelle liefert dabei eine konsistente
Beschreibung der Daten innerhalb der experimentellen Unsicherheiten. Es kann keine signifikante
multiplizitaitsabhéngige Strangeness-Produktion beobachtet werden.
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1 Introduction

High-energy cosmic rays that enter Earth’s atmosphere and interact with air nuclei
produce secondary particles. These secondary particles can then interact with air
nuclei again, thus triggering cascades of secondary particles, which are called air
showers. Before the era of particle accelerators, measuring secondary particles produced
in air showers was the only means of studying energetic particles [[1]. First direct
observations of cosmic rays were performed in 1927-1928 using cloud chambers in
magnetic fields [2]], rendering the trajectories of ionized particles visible. Only five
years later, the use of cloud chambers led to the discovery of the first antiparticle, the
positron [3, 4], for which the Nobel Prize in physics was awarded in 1936 [5]. In the
same year, the discovery of the muon [6] followed, which was not predicted by any
theoretical framework of the time. In the late 1940s and early 1950s, experiments using
cloud chambers and photographic emulsion in high altitudes revealed two new types of
neutral particles that decay into two opposite charged tracks; due to their characteristic
V-shape pattern, they were coined V-particles and later identified as neutral kaons (K°)
and lambdas (A) [7410]. During the same time, charged pions (z*, 77) [11,12] were
discovered in cosmic rays as well. The additional data collected at the Cosmotron [13]],
an early particle accelerator, made a deeper understanding of the V-particles possible.
Their relatively long life-times hinted at a new quantum number [[14-16[], which was
later called strangeness [17] and is now understood as the presence of a valence strange
quark in the particle.

As accelerator technology advanced, laboratory accelerators soon replaced cosmic
rays as the primary means of studying elementary particles, as they provided clean,
controllable settings, allowing precise measurements. An era of accelerator physics
began, leading to a series of newly discovered particles, see e.g. Ref. [18-20], and
the establishment of a theory describing the interactions of fundamental particles
and forces, the Standard Model (SM) of particle physics [21-26]]. The description of
the SM in its current form was finalized in the 1970s [27]]. Since then, the SM was
experimentally validated over the following decades. Precision measurements at high
energy collider experiments, most notably at the Large Hadron Collider (LHC), operated
by the European Organization for Nuclear Research (CERN), have played a central role
in its experimental validation, see e.g. Ref. [28] 29].

In the preceding two paragraphs, the emergence of particle physics as a distinct
discipline, separate from astroparticle physics, was outlined. However, the interplay
between the two disciplines continues, and additional challenges arise when describing
proton-nuclei interactions, as present in air showers. This is because these processes
are dominated by regimes in which the strong interaction within the SM cannot
be calculated from first principles. Thus, the description of hadronic interactions,



1 Introduction

i.e. interactions between hadrons governed by the strong, nuclear force, relies on
phenomenological models. These models are implemented in Monte Carlo event
generators, which are essential tools for the simulation of air showers. In modern day
cosmic ray experiments, air showers can be described using two main features, the
number of produced muons and the shower maximum X, ., which is the atmospheric
depth at which the number of produced particles reached its maximum. There is,
however, a long-standing discrepancy between the simulated and observed muon
production in air showers, which implies missing physics in current state-of-the-art
models of hadronic interactions. This discrepancy is called the Muon Puzzle [30]. A
potential solution to the Muon Puzzle could be strangeness enhancement, which refers
to the increased production of hadrons containing valence strange quarks as a function
of energy-density. This effect was first only observed in heavy nuclei collisions [31}-
33], but was also observed in proton-proton and proton-lead collisions by the ALICE
collaboration [31] at the LHC.

The short-coming of the event generators also makes it evident that additional data
from proton-nuclei collisions are needed for their improvement or tuning. The LHCb
experiment at the LHC offers a unique setting to study hadronic interactions. Equipped
with the System for Measuring the Overlap with Gas (SMOG), the noble gases helium,
neon and argon can be injected into the experiment, allowing it to be operated in a
fixed-target mode. Using SMOG, the conditions occurring during air showers can be
mimicked, providing important insights for the tuning of hadronic interaction models.
Of particular interest would be measurements of proton-oxygen or proton-nitrogen
collisions, as they are ideal proxies for air-showers. As proton-oxygen data only became
recently available, the first step was to bracket oxygen using helium and neon.

In this thesis, the prompt production ratios of the lightest, neutral, primary strange

particles—K, /A, and A, collectively referred to as V’—to the lightest possible charged
mesons, 71 and 7, are studied in proton-helium and proton-neon collisions at a
nucleon-nucleon centre-of-mass energy of \/syy = 110 GeV. For this, several analysis
steps have been performed that use the data gained from the LHCb experiment to
separate particles of interest from background, thus allowing for the determination
of differential cross-section ratios. A key feature of this thesis is the study of the
multiplicity dependence of these ratios, which is closely related to the energy density

of the system, thus giving insights on strangeness enhancement.

The author’s contribution The main work of the author had a strong focus on
data analysis and concluded in the measurement presented in Chap. 4} The presented
measurement was performed within the Ion Fixed-Target (IFT) working group of
the LHCb experiment and would not have been possible without the personnel and
associated members of the experiment. The presented data analysis was developed
in close collaboration with Dr. habil. Hans Dembinski, Prof. Dr. Michael Schmelling
and Dr. Felix Riehn, who offered valuable scientific advice. The author is, however,
the sole developer of this analysis and thus fully responsible for its contents. He was
also fully responsible for the development of the underlying analysis code and internal



documentation within the working group. By the time this thesis was submitted, the
data analysis is undergoing the internal review of the IFT working group. Both the
data and analysis code are centrally preserved.

The author also contributed to the preservation of several LHCb analyses within the
RIVET and HEPData frameworks. In this context, the author also developed a guide
on how to preserve analyses using HEPData and RIVET, which is published on the
LHCD website. By developing dedicated online (HLT2) trigger lines, the author also
established the basis for the selection of multistrange particle, i.e. particles containing
multiple valence strange quarks, in the upgraded SMOG?2 system, thus enabling future
measurements. These contributions are presented in Chap.

Outline This thesis is structured as follows: First, the theoretical foundation and
context for the performed work is outlined in Chap. 2| Following this, the experimental
setup, the LHCb experiment and its SMOG system, are introduced in Chap.[3| In Chap.
the performed measurement is presented. The results are then placed in the broader
experimental context in Chap. [5| where there are compared to the measurements
performed by the ALICE collaboration. In this chapter, additional contribution of the
author within this context are discussed as well. Finally, a summary and outlook are

provided in Chap. 6]






2 Context and foundations

In this chapter, the theoretical foundations and experimental context of this thesis are
discussed. An overview of the SM is provided in Sec. In Sec. an introduction to
hadronic interactions in air showers is given. This includes air shower measurements,
hadronic event generators in air showers, and an introduction to the Muon Puzzle in
air showers. Finally, possible approaches to solving the Muon Puzzle will be explored

in Sec.[2.3l

2.1 The Standard Model of particle physics

The SM is a relativistic quantum field theory describing the nature of elementary
particles and their interactions via the electromagnetic, weak and strong forces [21-
26]]. In the SM, elementary particles are divided into two categories; fermions with
half-integer spin and bosons with integer spin. Fermions are particles that follow
Fermi-Dirac statistics and are categorized in three generations of quarks and leptons,
based on whether they participate in strong nuclear interactions. They make up
the ordinary, known matter in the universe. For every fermion there exists also an
antifermion with identical mass and spin, but inverted quantum numbers. Bosons, on
the other hand, follow Bose-Einstein statistics and consist of gauge bosons with spin 1,
which are associated with force mediators, and a scalar boson with spin 0, the Higgs
boson. An overview of the elementary particles within the SM is given in Fig.

There are two types of quarks: the up-type up (u), charm (c) and top (f) quarks, which
carry an electromagnetic charge of Q = +2/3 e, and the down-type down (d), strange (s)
and bottom/beauty (b) quarks with Q = —1/3e. The first generation contains the lightest
up- and down-type quarks, while the quarks in the second and third generations are
progressively heavier. The s quark is notable here, as it is heavier than the u and d
quarks, whilst being approximately 13.5 times lighter than the next heaviest quark,
the ¢ quark. This results in interesting properties, which will be discussed in more
detail in Sec. In addition to the electromagnetic charge, quarks carry one of three
different colour charges, often referred to as red, green and blue; antiquarks carry the
corresponding anticolour charges anti-red, anti-green and anti-blue.

Similarly to quarks, there are two types of leptons: the charged leptons with Q = —1,
the electron (¢™), muon (¢) and tau (z), and three neutrinos without electromagnetic
charge, the electron neutrino (v,), muon neutrino (Vll) and tau neutrino (v,). The first
generation of leptons contains the electron and electron neutrino, with the masses of
the charged leptons progressively rising in the second and third generation. Although
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Figure 2.1 - Overview of the elementary fermions and bosons within the SM. Figure recon-
structed from Ref. , data taken from Ref. .

all neutrinos are assumed to be massless in the SM, neutrino oscillations have been
observed [37], indicating that at least two neutrinos are massive.

The SM is a gauge theory described by the symmetry group SU(3)c x SU(2); x U(1)y.
The SU(3)c symmetry group describes the strong force, where the label C denotes
colour charge. The theoretical description of the strong interaction is also known as
quantum chromodynamics (QCD). The gluons correspond to the generators of the
group; they couple to colour charge while also carrying a colour- and anticolour-charge
themselves. The gluon itself cannot be colour neutral, resulting in a set of eight linearly
independent gluons, described by the Gell-Mann matrices [38]]. A key characteristic
of the strong interaction is that colour-charged particles must form colour neutral
states, a phenomenon known as confinement. As a result, gluons cannot exist freely
and quarks are forced to form bound, colour-neutral states with other (anti)quarks,
called hadrons. The properties of hadrons are determined by valence quarks, which are
bound together by gluons. Inside these hadrons, gluons can temporarily form quark-
antiquark pairs called sea quarks. The most common hadrons are mesons and baryons.
Mesons are made up of one valence quark and one valence antiquark with opposite
colour charge, while (anti)baryons are made up of three valence (anti)quarks with three
different (anti)colours. Exotic hadrons made up of four or more quarks/antiquarks have
also been observed in the past few years [39-41]. Another key characteristic of the
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strong interaction is the running coupling constant «; at large momentum transfer, the
coupling constant becomes small. As a result, quarks and gluons can be treated as free
particles, a phenomenon known as asymptotic freedom. This regime is referred to as
hard QCD or perturbative QCD, where perturbative refers to the mathematical method
of expanding interaction terms in a power series to avoid divergence. This technique
can only be used when the coupling constant is small. However, at low momentum
transfer, the coupling constant becomes large; such processes cannot be calculated by
first principles, thus creating the need for phenomenological models, which will be
further discussed in Sec. This regime is known as Soft-QCD or non-perturbative
QCD.

The symmetry group SU(2); x U(1)y describes the electroweak interaction, the
unification of the electromagnetic and weak interaction. This symmetry is however
broken to U(1),,,, via spontaneous symmetry breaking (SSB), which results from the
excitement of the Higgs field. Before SSB, the SU(2); symmetry group contains three
massless gauge bosons W;, W,, and W3, which are the generators of the group and
couple to particles with left-handed chirality (L). Massive particles always have a
left- and right-handed chirality component, while the chirality of massless particles is
identical to their helicity, the projection of the spin onto their momentum. The U(1)y
symmetry group on the other hand contains the massless gauge boson B, corresponding
to its generator. It is coupling to the hypercharge Y, which is defined via Q = T5 + 1/2Y,
where Tj is the third component of the weak isospin. By definition, left-handed fermions
have a spin of T; = +!/2 and form isospin doublets. Both quarks and leptons form one
doublet within each generation: the up- and down-type quarks constitute one doublet,
while the neutrino with its respective charged lepton form another, with the upper
component being T; = +'/2 and the lower component being T; = —'/a.

After undergoing SSB, the three massive bosons and a massless photon emerge. The
W™ bosons emerge from the W, and W, bosons

w* = % (W, FiW,) (2.1)

and couple to the weak isospin. A unique property of the W= bosons is that they are
able to change quark flavour. The photon and Z boson come from mixing of the B and

W, bosons |
()= (o o) () o

Here 0, is the Weinberg angle, defined via the mass-ratio of Zand W* bosons:

My«

cos by = . (2.3)

my

The resulting photon is massless and couples to electromagnetic charge, while the
emerging Z boson is massive and couples to a combination of charge and weak isospin.
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The final boson of the SM is the scalar Higgs boson with spin 0, which corresponds
to an excitement of the Higgs field. The resulting SSB also gives rise to the fermion
masses. Its discovery in 2012 by both the ATLAS and CMS experiments marked the
final major addition to the SM [28, 29].

Despite its success, the SM is not able to describe several observed phenomena. As
mentioned above, the neutrinos are massless in the SM, which is incompatible with
the observed neutrino oscillations. Other open questions include the description of
gravity as well as the description of dark matter and energy.

However, even within the framework of the SM, challenges arise. In particular
the application of QCD in the description of air showers poses a challenge, as these
processes are dominated by Soft-QCD. The resulting problems become evident when
measuring the number of muons produced in air showers, which will be explored in
the next section.

2.2 Hadronic interactions in air showers

Cosmic rays are fully ionized nuclei travelling through space, primary consisting of
protons and elements up to iron, with a negligible proportion of heavier nuclei. The
origins of cosmic rays are not yet fully understood. However, it is known that the
vast majority of cosmic rays come from outside the solar system, with the highest-
energy cosmic rays being of extragalactic origin [1,30]. As illustrated in Fig. their
energies span 11 orders of magnitude with the flux of observable particles decreasing
as a function of energy. Most notable are the transition regions at 3 x 10® GeV and
at 3 x 10° GeV, commonly referred to as knee and ankle. While their exact origins
are unknown, the knee is often associated with the end of the spectrum of galactic
sources [1], while the ankle is often associated with the beginning of the spectrum of
extragalactic sources [1].

Depending on their energy, cosmic rays can either be measured directly or indirectly.
Up to energies of 10° GéV, space based experiments like AMS-02 [42], HEAO-3 [43]
and CREAM [44] are used to measure cosmic rays directly. At higher energies, the
flux of cosmic rays becomes so low that direct detection above the atmosphere is no
longer feasible. Instead, they must be studied indirectly. High-energy cosmic rays that
enter Earth’s atmosphere interact with nuclei in the air, mainly consisting of oxygen
and nitrogen, and produce secondary particles. These secondary particles can then
interact with nuclei in the air again, thus triggering cascades known as air showers.
These can be measured by ground-based experiments covering large areas, like the
Pierre-Auger-Observatory [45] and Telescope Array [46]], compensating for the low
flux. The measurements of air showers will be covered in more detail in Sec.

Air showers can be characterized by two main features, the number of produced
muons and the shower maximum X .., which is the atmospheric depth at which
the number of produced particles reaches its maximum. Since there is no cosmic-
ray source with a well-known composition, the interpretation of air showers relies
on simulation [30]. As the propagation of air showers is dominated by Soft-QCD,
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Figure 2.2 — Cosmic ray flux as a function of kinematic energy, where the flux is scaled by

Eﬁlfl from Ref. [30]]. The coloured markers show the fluxes of individual energies as measured
by balloon- and satellite born experiments, while the white markers show the total flux.

phenomenological models are employed. While these models describe many features
of air showers successfully, there is a long-standing discrepancy between simulated and
observed muon production in air showers, which implies missing physics in current
state-of-the-art models of hadronic interactions. This discrepancy is called the Muon
Puzzle [30]]. In the following sections, measurements of air showers and an overview
of event generators in hadronic interactions are outlined.

2.2.1 Air shower measurements

Extensive air showers were first detected in the late 1930s by B. Rossi, W. Schmeiser,
G. Bothe, W. Kolhorster and P. Auger [47]. The discovery was achieved using the
newly developed coincidence method, in which multiple detectors could be placed
several hundred of metres apart from each other, effectively linking them. When these
detectors then registered near-simultaneous signals, it demonstrated that they must
stem from a single high-energy cosmic ray. Although several groups contributed to
this discovery, credit is usually given to Pierre Auger, as he provided the first clear
quantitative evidence for correlated particle detection over large distances [48]. A
complete historical review is given in Ref. [47]. Today, the world’s largest cosmic ray
detector, the Pierre Auger Observatory, is named after him and will be used as an
example to explain how modern-day experiments perform air shower measurements.

A schematic view of an extensive air shower is presented in Fig. As illustrated,
extensive air showers are made up of a hadronic, electromagnetic and muonic com-
ponent [49]. When a cosmic ray enters the atmosphere, it triggers a hadronic cascade
where the average energy of the produced secondaries decreases exponentially with
the number of interactions. When the hadrons produced in this cascade decay, they
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feed into the electromagnetic and muonic components of the shower. Neutral pions
predominantly decay into photon pairs. These photons then create electron-positron
pairs, which, together with bremsstrahlung, lead to the development of an electromag-
netic cascade. Kaons and charged pions can decay into muons and muon neutrinos,
creating a muonic component. The produced muons may also decay into electrons
before they reach the ground, thus feeding into the electromagnetic component. All
charged particles produced in the air shower can also ionize and excite air-molecules,
which in turn emit fluorescence light when returning to the ground state [30]. The
dense, central region of an air shower is referred to as the shower core.

Primary Particle

{

nuclear interaction

(7T S

T, Te—K, K’ —1°

\/\

W

hadronic / \L \, J\;

cascade e e e
§ § g radiation
+ + + 0 + - -
wonov p, N1 K € YYeeyy e
nuclear fragments
muonic component hadronic electromagnetic
neutrinos component component

Figure 2.3 — Schematic view of an extensive air shower, from Ref. [49].

These fundamental properties of air showers form the basis for their observation;
experiments like the Pierre Auger Observatory exploit them to reconstruct and measure
the characteristics of the original cosmic rays. The Pierre Auger Observatory [45] is a
hybrid detector completed in 2008 and located in Pampa Amarilla, Argentina; it uses
an array of 1660 water Cherenkov particle detector stations spreading over 3000 km?,
together with 24 fluorescence telescopes to measure air showers. Each surface detector
is filled with 12 tons of de-ionized water and is separated from its neighbours by
1.5 km. When a highly energetic charged particle enters a surface detector and travels
faster in the water than light does, it produces Cherenkov light. This light is amplified
by photomultiplier tubes and then converted into an electrical signal, enabling a
measurement of the particles’ properties. The number of measured signals per tank,
together with the timing information, allows for as triangulation of the air shower and
a determination of the shower core. The number of muons can be measured based on

10
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the signal arrival times in the surface detectors as well [30]]. The fluorescence light
produced in an air shower can be measured by the 24 fluorescence telescopes, allowing
the observatory to track the development of the air shower and thus directly measure
Xnax- As these telescopes are highly sensitive, this is only possible in moonless nights.
Measurements using information from both tanks and UV-telescopes are called hybrid
measurements and have become an established standard in the field [30]. An example

event display, illustrating the measurement of an air shower, is presented in Fig.
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Figure 2.4 — Example event display from the Pierre Auger Observatory of a hybrid event
recorded by the both the ground array and the UV telescopes, from Ref. [50]. The red line
represents the trajectory of the air shower. Each cylinder along the ground represents a
surface-detector tank, where the colour indicates the time of signal detection and size indicates
signal strength. The coloured lines from the blue building in the background, the fluorescence
telescopes installed at Cerro Coihueco, indicate measurements of the UV light produced by the
shower.

2.2.2 Event generators in hadronic interactions

The development of air showers is mainly driven by its hadronic component and
thus hadron-ion collisions at low momentum transfer. Precise knowledge of QCD is
therefore essential for the simulation and prediction of air shower features. There
are however several challenges when describing hadronic interactions in cosmic-ray
induced air showers. The initial collision of the cosmic ray and the nuclei in the air,
which dictates how the shower will develop further, is highly asymmetric and complex
due to the composite nature of colliding particles. Protons and nuclei are not elementary
particles; a proton is a hadron composed of valence-quarks, gluons and sea-quarks,
while nuclei are composed of protons and neutrons. These systems are complex and, as
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2 Context and foundations

a result, it is not well understood how precisely these constituents collectively behave.
Consistently describing different cosmic-ray types poses an additional challenge, as
a cosmic ray can be any ionized nucleus, as established in Sec. An additional
challenge lies in the consistent description of both the production of the different
secondary hadrons and their interactions with the nuclei. Moreover, the described
processes typically occur at low momentum transfer, and thus fall in the regime of
Soft-QCD, meaning that they cannot be calculated from first principles. As a result,
phenomenological models must be employed to describe the development of cosmic-ray
induced air showers.

The modelling of hadronic interactions generally consists of two parts, the descrip-
tion of the initial interactions of quarks and gluons, collectively referred to as partons,
and the subsequent treatment of hadronisation processes and collective effects. A
common ansatz is to describe parton interactions via exchanges of effective particles
and fields, simplifying the complex interactions. The mathematical framework of
such an ansatz is formulated as an effective field theory and the properties of hadronic
interactions are typically described via Gribov-Regge theory [51, 52]. This theory
introduces colourless particles called Pomerons, carrying the quantum numbers of
the vacuum, to describe the slowly rising cross-sections in high energy hadron colli-
sions. A major drawback of Gribov-Regge theory is that energy is only conserved at
particle production level, but not for the calculation of cross-sections [53]. Current
state-of-the-art event generators based on Gribov-Regge theory include QGSJet-II-
04 [54], EPOS-LHC [55] and SIBYLL-2.3d [56]. Although these generators differ in
their underlying assumptions and modelling, they all come with a set of adjustable
parameters chosen to reproduce particle- and astroparticle data. Hadronic interactions
can also be described via multiparton interaction. In this approach, perturbative QCD
is not only employed to describe hard processes, but also in the description of soft
interactions by calculating multiple 2 — 2 scattering processes. The divergence of
the total cross-section is then avoided by applying an energy-based cut-off. A current
state-of-the-art model following this approach is Pythia 8 [57].

The process of hadronisation is commonly described via string-fragmentation. Due to
confinement, partons must exist in bound states. When two partons are separated, the
gluon field between two colour charges forms a narrow flux tube, which is also referred
to as string. With increasing distance, the potential between the two colour charges
becomes large enough to create new quark-antiquark pairs from the vacuum, thus
breaking the string. In the implementation of standard string fragmentation, known as
the Lund string [58], each string is handled independently without considering spatial
correlations or interactions with other strings. However, in real hadronic interactions
this idealized model may not show the full picture. At high energies, many partons and
strings are produced, which can radiate or interact with each other before hadronising,
leading to collective effects. In the models listed above, several approaches are realized,
which are summarized in the following. One approach is the implementation of colour-
reconnection [59], in which colour-connections can be rearranged before hadronisation,
thus minimizing string energy and increasing hadron, but not strange, production.
Another approach is to consider interactions of strings. One possible mechanism is
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2.2 Hadronic interactions in air showers

string shoving [60,|61]], the repulsive interaction between two overlapping flux tubes,
giving rise to transverse collective flows in high-density systems [62]]. Another type of
string-string interaction is rope hadronisation [63], in which dense regions of spacially
overlapping strings form a rope with high energy-density. The rope then fragments into
quark-antiquark pairs, leading to increased production strange particles and baryons.
A similar mechanism is the thermal description of hadronisation in regions of high
parton density [[64]]; these regions are treated as locally thermalized cores consisting
of deconfined quarks and gluons. These cores evolve hydrodynamically and produce
hadrons statistically until they freeze out.

Between the initial interaction and hadronisation, some generators simulate initial
and final state radiation. In these processes, radiation—often in the form of gluons and
photons—is emitted in the initial or final state of the interaction. A brief overview of
the four generators and their approaches used to model hadronic interactions is given
below.

EPOS-LHC The EPOS-LHC model is a special version of the EPOS [65] model, spe-
cifically developed to describe the data collected at the LHC. The models are based
on a semi-hard Pomeron approach, meaning that they use both aspects from Gribov-
Regge theory and perturbative QCD. This approach includes a mechanism analogous
to initial and final state radiation, resulting in a broader hadron spectrum in rapididity.
A characteristic feature of EPOS is that, unlike other Pomeron-based models, energy
conservation is explicitly maintained in the calculation of cross-sections. In EPOS-LHC,
hadronisation is modelled via standard string fragmentation at low energy density, and
via thermal hadronisation at high energy density.

QGSJet-11-04 Similar to the EPOS models, QGSJet-II-04 is based on a semi-hard
Pomeron approach. It is however explicitly designed for air shower simulation and
only physics deemed relevant for air showers is implemented. It has a very limited
parameter set and the fewest parameters among the models presented here. In QGSJet -
II-04, hadronic interactions are exclusively described via an early implementation of
the Lund string model.

SIBYLL-2.3d SIBYLL-2.3d is another model explicitly designed for the modelling
of general air shower features, where only physics deemed relevant for the air shower
is implemented. It employs a dual parton [[66]] approach; processes in Soft-QCD are
calculated based on Gribov-Regge theory, while processes in hard QCD are calculated
based on perturbative calculations, where an energy dependent cut-off in low transverse
momentum is applied. In Siby11-2.3d hadronisation is modelled via standard string-
fragmentation. The model is optimized for cosmic-ray physics and only the production
of hadrons containing valence u, d, s and ¢ quarks is considered.

Pythia 8 Pythia 8 is a general purpose generator which is primarily used at the
LHC to simulate hard and soft processes in proton-proton interactions. Unlike the
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2 Context and foundations

other models listed here, it is not based on Gribov-Regge theory, but multiparton
interactions instead. Alongside multiparton interactions, Pythia also simulates initial
and final state radiation. The cross-section for semi-hard partonic scatterings are
calculating via perturbative QCD. In doing so, a transverse-momentum threshold is
applied that is regulated via a smooth damping factor. The calculations of cross-sections
is however performed separately from particle production [67]]. In the standard tune
of Pythia 8, hadronisation is modelled via standard string fragmentation, taking no
collective effects into account. However, Pythia 8 includes also implementations of
colour-reconnection, string-shoving and colour ropes, which can be enabled in specific
tunes.

Even though these state-of-the-art generators offer detailed implementations of
hadronic processes, their application in the description of the hadronic air shower
component is currently the largest source of uncertainty [68,(69]. Furthermore, while
the models successfully predict features such as the shower depths, discrepancies arise
when comparing the number of simulated and observed muons, which will be discussed
in the next section.

2.2.3 The Muon Puzzle in astroparticle physics

In 2015, the Pierre Auger Collaboration presented their first hybrid measurement of the
mean muon number in cosmic-ray induced air showers [70,71]. This measurement,
following a nearly model-independent approach, revealed that the hadronic interaction
models consistently predict fewer muons than observed. Following this observation,
numerous experiments conducted additional measurements. While the deviations in
the reported muon counts did not individually exceed a significance of 30, a meta-
analysis taking all data into account revealed a significance of 8¢ [72]]. Even after the
existing model parameters were adjusted—a process called tuning—the discrepancy
persisted and became known as the Muon Puzzle [30]. Comparisons of the observed and
simulated muon numbers are presented in Fig. As illustrated there, QGSJet-II-04,
EPOS-LHC and SIBYLL-2.3d consistently underestimate the muon count, both as a
function of average shower depths and energy. For the latter, comparisons to proton
and lead showers are provided as well. As established earlier, the majority of cosmic
rays consist of protons, with heavier nuclei being significantly less likely. However,
even when assuming exclusively iron showers, the muon count is still underestimated
in the majority of intervals.

A key property of the Muon Puzzle is that the only modifications resolving these
discrepancies would either violate constraints from data or lead to inconsistencies in
the description of other air shower features. This indicates that physical effects may be
missing in the description of hadronic interactions [30]], which will be further explored
in the next section.
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Figure 2.5 — Measured and simulated muon numbers, from Ref. [[73]]. In the left plot the
average logarithmic muon count as a function of average shower depth is shown, while the
average number of muons as a function of energy, together with predictions for proton and
lead showers, is shown in the right plot.

2.3 Finding solutions to the Muon Puzzle

In this section, several approaches to solving the Muon Puzzle are discussed. First
an introduction to strangeness enhancement, a mechanism that may be responsible
for the surplus of muons produced in air showers, is given. This is followed by an
outline on how centralized databases and standardized interfaces for data-simulation
comparisons in particle and astroparticle physics can be used to reduce uncertainties
in air shower data.

2.3.1 Strangeness enhancement

Simulations of extensive air showers have shown that relative reduction of the electro-
magnetic component in air showers could explain the muon excess in data. Extensive
studies on how such a modification could affect air shower observables were performed
in Ref. [[74] by varying the hadron multiplicity and mean energy ratio,

_ dEEM dEhadr.
/Ay o

where Ep) and E; 4, are the energies of the electromagnetic and hadronic component,
and 7 is the pseudorapididy of all final state particles, except neutrinos. The effect
on the simulated number of muons and shower-depth are visualized in Fig. It is
shown that a reduction of R would not significantly change X, while increasing the
number of muons enough to be compatible with the data taken by the Pierre Auger
Observatory.

Therefore, a mechanism that reduces R could potentially solve the Muon Puzzle.
In the initial reaction, there is a roughly equal production of 7, 7~ and 7° mesons
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Figure 2.6 — Impact of varying the hadron multiplicity N, and energy ratio R in 13 TeV LHC
collisions on EPOS-LHC model predictions, from Ref. [[74]. The predictions are compared to the
data collected at the Pierre Auger Observatory in 2015 [70]]. The data are represented by a black
point, with the uncertainties indicated by the end-caps. The model lines represent all values
that can be obtained by any mixture of iron (top left) and protons (bottom right).

due to isospin symmetry. Due to this symmetry, the initial ratio of charged to neutral
pions cannot be altered. One possibility to reduce R would be however an increased
production of strange particles, i.e. particles containing valence strange quarks. With
increased strangeness production, energy which could otherwise go into the production
of pions would instead go into the production of kaons or other strange hadrons. Unlike
neutral pions, kaons do not immediately decay into two photons, thus keeping energy
in the hadronic channel longer. In addition, charged kaons decay predominantly into
muons, thus directly contributing to the muon component.

An increased production of strange particles—known as strangeness enhance-
ment—was initially only observed in nucleus-nucleus collisions [31-33]]. It was linked
to the emergence of a quark-gluon plasma, a state which nuclear matter can reach at
high temperatures and energy densities in which quarks and gluons are no longer
confined into colour-neutral hadrons. Recent findings of the ALICE collaboration show
that strangeness enhancement is also observed in multiple systems of proton-nucleous
and proton-proton collisions [31]]. The ratios of different particle yields to charged
pions, as found by the ALICE collaboration, are presented in Fig. The ratios are
shown as a function of average multiplicity at mid-rapididity, which is used as a proxy
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for the overall event activity and thus energy-density in the collision. It is observed
that the ratios show a universal rise in strangeness production between different col-
lision systems and energies. It is also observed that the enhancement is larger for
the multi-strange particles =~ and {2~ than for the single-strange particles K¢, A and

A A comparison with generator predictions is also given. Apart from EPOS-LHC and
Pythia 8, the ALICE collaboration provides comparisons with DIPSY [75]], in which
colour ropes are used to model hadronisation.

The comparisons between the event generators and data show that Pythia does not
describe the observed enhancement, indicating that there is a mechanism missing in its
standard tune. EPOS-LHC and DIPSY show an enhancement with the same trend as the
data. However, both require retuning to describe the data consistently. Furthermore,
additional data is needed to decide which mechanism of strangeness enhancement
may be realized in nature. In particular, measurements involving additional collision
partners and centre-of-mass energies would be of great interest.
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Figure 2.7 - Yields of strange particles for different collision systems and energies, as measured
by the ALICE collaboration from Ref. [31]. The left plot shows the scaled particle yields of
different multiplicity intervals, where the black dashed lines are fits describing the curves. The
right plot shows the scaled ratio yields to charged pions, together with generator predictions.
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2.3.2 Tuning of event generators

As outlined in Sec. clarifying which mechanisms of strangeness enhancement
is realised in nature will require more data. In addition, hadronic interactions remain
the overall dominant source of uncertainty in the simulation of air showers overall.
Reducing these uncertainties requires numerical results of experimental measurements
to be made readily available, ideally in a machine-readable format.

In the particle physics community, a central open-access database is provided via the
High-Energy Physics Database (HEPData) [76]], which is currently hosted by CERN.
Within HEPData, the numerical results of over 10 000 published measurements are
stored as records, out of which approximately 2 000 stem from LHC experiments. Each
record has a unique identifier linking it to its publication, and consists of a set of tables,
in which the results are stored and briefly described. The tables can be downloaded in
various, machine-readable formats.

However, providing the results in machine-readable format alone is not sufficient.
For comparisons between data and generator predictions to be meaningful, these com-
parisons must involve identical selections, studied kinematic intervals, and definitions
of observables. The latter is especially important, as different communities may use
the same word for different concepts, or employ slightly different criteria. A standard-
ized framework for the validation of the event generators is the Robust Independent
Validation of Experiment and Theory (RIVET) toolkit [77]. Within RIVET, published
measurements are preserved as plugins, each consisting of multiple files containing
metadata, measurement results, selection code and plotting instructions. The measure-
ment results are directly obtained from HEPData, thus creating a strong link between
the two frameworks. The selection code is the main part of the plugin and written in
the C++ programming language. It is used to process generated events from the event
generators. This is done by iterating over the events, selecting processes of interest
analogous to the measurement, and constructing the corresponding observables. In
doing so, the metadata can also be accessed, ensuring that the generated events meet
the measurement conditions, including centre-of-mass energies and collision partners.
Using the defined plotting routine, RIVET provides visual comparisons between the
measured and generated observables. While several analyses are already implemented
within the RIVET framework, the RIVET team continues to maintain an extensive
wishlist of analyses that have yet to be added, including many measurements from
the LHC experiments. Contributions of the author within the RIVET and HEPData
frameworks are summarized in Sec.[5.3|

While an equivalent to HEPData exists in the astroparticle community [78]], a RIVET-
like translator is still missing. Such a translator would be an important step towards a
combined tune, using data from both particle and astroparticle physics. A roadmap on
how such tunes could be achieved is given in Ref. [67]. While the tuning on existing data
is an essential step towards the solution of the Muon Puzzle, additional measurements
are still required, as discussed in Sec. Therefore, a dedicated experiment capable
of providing precise measurements in multiple collision systems is needed. The LHCb
detector, which fulfils this these requirements, is presented in the subsequent chapter.
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3 Experimental setup

In this chapter, an overview of the experimental environment is given. First, the LHC
is introduced which provides the necessary, high-energy proton and ion beams. Next,
the LHCb experiment allowing the measurement of particle collisions is presented.
Finally, an overview of the SMOG System is given, which enables LHCb to be operated
as fixed-target experiment.

3.1 The Large Hadron Collider

The LHC [79,80] is the largest and most powerful particle accelerator build to date.
It is a synchrotron spanning a circumference of 26.7 km, embedded into the broader
CERN accelerator complex depicted in Fig. The accelerator complex is located
underground, near the Franco-Swiss border in the Geneva area and is designed to
accelerate charged particles to energies of up to 7 TeV; by accelerating charged particles
opposite directions and colliding them, the LHC can reach a design centre-of-mass
energies of up to /s = 14 TeV. Since the LHC has started operation, there were several
periods dedicated to data taking referred to as Runs, between which the LHC and the
experiments located at the LHC have either been commissioned or upgraded. A short
overview of the performed and planned Runs is given in Ref. [81,|82]. The measurement
presented in this thesis was performed using data from Run 2, which started 2015 and
ended 2018. During Run 2, the beams reached energies of up to 6.5 TeV, corresponding
to a centre-of-mass collision of 13 TeV for colliding beams. Following Run 2, Run 3
started in 2022 and is now scheduled to end mid 2026. For Run 3, the beam energies
were increased to up to 6.8 TeV.

The LHC does not accelerate individual particles, but packages of particles referred
to as bunches. While the charged particles within a bunch are typically protons, the
LHC is also capable of accelerating ions of other elements, as such lead, xenon, neon
and oxygen. However, as protons are the main particle species accelerated in the LHC,
the remainder of this section will focus exclusively on proton bunches.

A beam of protons is made up of 2808 bunches with a time spacing of 25 ns, where
each bunch contains 1.2 x 10'! protons at the start of injection. These protons are
obtained via the ionization of hydrogen-gas and initially accelerated using LINAC2,
a linear accelerator, to an energy of 160 MeV. The Proton Synchrotron Booster sub-
sequently increases their energies to 2 GeV before injecting them into the Proton
Synchrotron, in which they are further accelerated to 26 GeV. From there, the protons
enter the Super Proton Synchrotron, where they are accelerated to 450 GeV. Finally,
the proton beams enter the LHC, where they are further accelerated until they reach
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their target energy. In the LHC, the two beams are then brought to collision at dedic-
ated beam-crossing positions through an adjustment of the magnets and are kept in
circulation until their intensity has decreased significantly. The data taking period of
from a single injection is referred to as fill.

The interaction points are located in caverns capable of hosting specialized experi-
ments, able to analyse the outcome of these collisions. The four main experiments of the
LHC are ALICE, ATLAS, CMS and LHCb. The ALICE experiment [83}84] specializes in
the analysis of quark-gluon plasma, as present in heavy-ion collisions. The ATLAS [85,
86]] and CMS [87, 88] experiment are general purpose detectors; their geometries are
optimized to achieve broad coverage in pseudorapididy. They are best known for
their discovery of the Higgs boson in 2012 [28,|29]. Finally, the LHCb experiment is
specifically designed for the study of bottom- or charm-hadrons. Unlike the other
experiments, it is not build symmetrical around the interaction point and focuses on the
forwards-region in which bottom- and charm-hadrons are predominantly produced.
Since Run 2, it has also been equipped with the SMOG system [89]. This system allows
LHCD to be operated in a fixed-target mode, in which one incoming beam collides with
stationary gas. A detailed description of the LHCb experiment is given in the following
section.

3.2 The LHCb detector

The LHCD detector is a single-arm forwards spectrometer specifically designed to for
precision measurements of processes involving bottom or charm hadrons. At LHC
energies, bottom and charm hadrons are dominantly produced via gluon-gluon fusion
processes [91], involving gluons from the partonic content of the incoming projectiles.
The momenta carried by the gluons is likely to be asymmetric; one gluon carries
large fraction of longitudinal momentum, whereas the other gluon only carries a small
fraction of longitudinal momentum. As a result, the created particles experience a
boost along the beam axis, causing bottom and charm hadrons to be predominantly
created under small angles in forward and backward direction. Due to limited space
in the cavern and due to cost reasons, the LHCb detector only covers the forward
rapidity region ny,;, € [2,5], where ny,;, is the pseudorapidity in the laboratory system.
Pseudorapidity is a non-linear mapping of the angle 8 between the particles momentum
and beam axis and is defined as nj,;, = —1In [tan g ] It can be related to rapidity,

which is an additive measure of velocity under Lorentz transformation and defined as

y= % In <§+—2), where py is the component of the momentum along the beam axis.

The LHCD detector is visualized in Fig. It spans approximately 20 m in length,
10 m in height and 12 m in width. The detector consists of several components dedic-
ated to Particle Identification (PID) and the reconstruction of particles trajectories and
interaction vertices, which will be briefly summarized in the following. Components
specifically relevant for PID, tracking and vertex reconstruction will be additionally
highlighted in dedicated sections. Particles are brought to collisions inside the Vertex

20



3.2 The LHCD detector
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Figure 3.1 — CERN accelerator complex as of 2018. Figure taken from Ref. .

Locator (VELO), where the primary interaction point, the primary vertex, is recon-
structed. Secondary vertices originate from the decay of short-lived particles and play a
key role in particle reconstruction; the spatial distance between primary and secondary
vertex gives important insights about the flight-distance—and hence lifetime—of un-
detected particles. Together with the Tracker Turicensis (TT), placed upstream of the
dipole magnet, and the subsequent tracking stations T1, T2, and T3 placed downstream
of the dipole magnet, the VELO plays a crucial part in the reconstruction of traject-
ories of charged particles. The dipole magnet plays an important role in bending the
trajectories of charged particles, allowing the determination of charges and momenta.
The Ring-Imaging Cherenkov (RICH) detectors, RICH1 and RICH2, are mainly used
to determine the species of charges particles. The RICH1 detector is placed between
VELO and TT, while the RICH2 detector is placed downstream of T3. The calorimeter
system, placed downstream of RICH2, consisting of the scinillating-pad detector (SPD),
preshower (PS) detector, electromagnetic calorimeter (ECAL) and hadronic calorimeter
(HCAL), provides additional separation power. Lastly, the detector employs five muon
chambers, labelled M1-M5, responsible for muon-identification. The chambers M2-M5
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are placed downstream of the calorimeter system, while M1 is placed downstream of
RICH2 and upstream the calorimeter system. The calorimeters, muon chambers and
RICH detectors all serve as PID system.

The LHCb detector is also equipped with the SMOG system [|89]], which enables the
injection of the noble gases helium, neon and argon into the VELO vessel. Combined
with the forward geometry of the LHCb detector, this enables LHCbD as the only one of
the four major experiments to be operated as a fixed-target experiment.

During the majority of Run 2 operation, the beam parameters were configured to
maintain a constant luminosity across the duration of the fill, a procedure known as
leveling. This leads to constant luminosities across the duration of a fill, which the
LHCb detector was designed to operate on. The average bunch crossing frequency is
30 MHz [92]], corresponding to one collision every 25 ns. Storing this amount of data
throughout the entire duration of Run 2 is neither feasible nor efficient. Therefore,
a trigger system consisting of a hardware trigger (L0) and a subsequent two-staged
software-trigger are employed. The L0 relies on information from both the calorimeter
system and the muon chambers. For an event to pass the L0 trigger, it must exceed either
the minimum transverse momentum, p, threshold in the muon chamber or deposit a
minimum transverse energy threshold in the calorimeter system. An additional veto
is applied on events with exceedingly high occupancy, and events in which multiple
collisions are recorded. The latter is also known as pile-up events. The veto is based
on the number of hits recorded in the SPD and PS detectors. The output-rate of the
L0 trigger is 1 MHz. All events that pass the L0 trigger are then further processed
by the software triggers, consisting of the HLT1 and HLT2 triggers. In this step,
events are selected based on information gained from first their partial and then full
reconstruction. While the exact criteria vary depending on the physics programme,
the HLT1 trigger generally selects events based on transverse momenta and impact
parameters of reconstructed particles. This is done using only information from the
tracking stations. The HLT2 trigger on the other hand makes full use of the PID
information and is typically used to filter for specific decay topologies. The selection
of events using the software trigger is also referred to as online selection. A detailed
summary of the design, performance and challenges of the trigger system is given in
Ref. [93].

With the end of Run 2, the LHCb detector underwent a major upgrade, with the
goal to increase the instantaneous luminosity by a factor of five. This invoked two
main challenges: In order to deal with the increased data, the trigger system had to be
upgraded; the hardware-trigger was removed and the software-triggers were adapted,
resulting in an online-only trigger system. As a result, several detector components had
to be upgraded or replaced in order to handle the increased luminosities and radiation
damages, while also providing faster readouts of 40 MHz. An extensive description of
the upgrade is given in Ref. [94]. During this time, the SMOG system was upgraded as
well [95]]. Details regarding the SMOG system are discussed in Sec.
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Figure 3.2 — Cross-section of the LHCb detector and its components, from Ref. . The
coordinate system is a right-handed Cartesian system with the origin in the centre of the
nominal proton-proton interaction region; the x axis is horizontal and orthogonal to the beam-
pipe, the y-axis is pointing towards the surface and the z-axis is pointing along the beam-pipe.

3.2.1 Track and vertex reconstruction

The goal of the tracking system is the reconstruction of particle trajectories and vertices,
enabling the determination of their momenta and charges. The reconstruction of
vertices is especially important, as it allows the spatial reconstruction of decays of
particles. The VELO is one of the most crucial components of the detector and
thus the tracking system. It is a silicon microchip detector around and downstream
the proton-proton interaction region, arranged in two halves along the beam axis.
Each half consists of 21 semicircular modules, each providing measurements as a
function of radius, r, and azimuthal angle, ¢, around the beam axis. When no particle
collisions take place, the two halves are retracted to protect them from potential damage.
This is essential as there is no beam-pipe around the interaction point, exposing the
VELO which is only protected by a thin aluminium-alloy foil. Once stable conditions
are reached, the VELO is moved into its operating position, brought to a minimum
distance of 7 mm around the beam axis. At this proximity, the VELO provides nearly
full coverage of the LHCb phase space and only particles with either very low or
high pseudorapidity are not covered by it. The trajectory of charged particles are
reconstructed from their hits—the deposition of energy in the sensors via the creation
of electron-hole pairs—in successive detector layers. These hits are then used by
dedicated algorithms to reconstruct the trajectory, referred to as track. Inside the
VELOQ, they can be reconstructed as straight lines, as the effect of the subsequent
dipole magnet are negligible. Within the geometric and kinematic acceptance of LHCb,
the VELO provides a track-finding efficiency of at least 98 %. In addition to its high
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track-finding efficiency, the VELO provides high spatial resolution of up to 4 pm, which
is essential for differentiating numerous tracks around the interaction point. Using
these tracks, primary vertices are reconstructed with a resolution of up to 71 pm in
beam direction and 13 pm transversal to it. This enables the impact parameter (IP)—the
shortest distance between a track and a vertex—to be determined with a resolution of
less than 35 pm for particles with a transverse momentum greater than 1 GeV/c.

The LHCb magnet is a dipole magnet [98] whose magnetic field is aligned to the
y-axis, thus bending the tracks in the x — z plane. The magnet field has an integrated
magnetic flux of 4T m and can be operated in two modes; the field is parallel to the y-
axis in MagUp mode, while it is antiparallel in MagDown mode. During data taking, the
polarity of the magnet is changed a few times per year. The SMOG datasets analysed
in this thesis, however, are exclusively taken in MagDown mode. From the curvature
of particle trajectories, momenta and charges can be determined.

The tracking system is completed by the TT and the three tracking stations T1-T3.
Each station consists of four vertical layers, where the two innermost layers are tilted
by a stereo angle of +5°, providing precise information in both x and y. The TT is a
silicon microstrip tracker that can reconstruct the trajectories low-momentum particles
before they are deflected out of the detector acceptance by the magnet, as well as decay
products of long-lived particles leaving not hits in the VELO. The tracking stations
T1-T3 downstream of the magnet are composed of the Inner Tracker (IT) [99] and Outer
Tracker (OT) [100,(101]]. The IT has a cross-shape and includes the innermost region
around the beam pipe, where particle density is expected to be the highest. Similar
to the TT, the IT is a silicon microstrip tracker, which provides a spatial resolution
of 48 to 55 um [[102]]. It is covering an area of 120 cm x 40 cm, where the first number
refers to width and the second number to height. The OT covers the remaining surface
area of the tracking stations, occupying an area of 5m x 6 m. The detector consists
of three stations, each containing four double layers of straw tubes—amounting to
twelve layers in total—providing a spatial resolution of 171 pm in Run 2 [[103]]. Charged
particles passing through the straw tubes ionize the gas, thus creating signals that are
recorded as hits, and drift time determination allows for precise spatial reconstruction.

Hits from various subdetectors are subsequently combined to reconstruct particle
trajectories. Different types of tracks are identified, based on which subdetectors
are used to reconstruct them. The different types of tracks are illustrated in Fig.
For the measurement presented in this thesis, only hits using the full detector in-
formation, called long tracks, are used, as they provide the highest precision; below a
transverse momentum 20 GeV/c their momentum resolution is 0.5 %, going up to 1.0 %
at 200 GeV/c.

Not every track corresponds to a real particle trajectory passing through the detector,
as different hits in the detector material can be incorrectly combined. These incorrectly
combined hits are known as fake tracks and can originate, for example, from high-
occupancy events with many overlapping trajectories and in-flight decays of charged
particles. To quantify the likelihood of a track being fake, the reconstruction software
provides a neural-network-based variable [104], which is used to reduce the relative
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proportion of fakes. This variable will later be used in the presented measurement for
the study of background contributions.
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Figure 3.3 — Illustration of the LHCb tracking system and different track types, from Ref. [105].
Shown are the VELO and the four tracking stations; the different track types are illustrated via
solid lines.

3.2.2 Particle identification

Particle Identification is made possible by the two RICH detectors, the calorimeter
system, and the muon system. Using the RICH detectors [[106], charged particles
can be distinguished via the Cherenkov effect. Charged particles passing through a
dielectric medium faster than the phase velocity of light in that medium—given by
¢, = ¢/n, with the medium specific refractive index n—emit electromagnetic radiation
in a cone. The opening angle, 0, of the cone is a function of the refractive index
and the particles’ velocity, v, and given by cosf = v—cn = ﬁ In the RICH detectors,
these cones are reflected onto detection plates, resulting in ring images, from which
the opening angles can be reconstructed. The ring images are associated to tracks,
whose momenta are known. Based on this, likelihoods for different charged particles
can be computed by applying mass hypotheses, thus enabling particle identification.
However, the separation power of the Cherenkov-based PID in a specific medium is
limited to specific momentum ranges. Due to this, the RICH1 and RICH2 use different
mediums, allowing coverage of lower and higher momenta ranges. In the RICH1
detector, the fluorocarbon compound C,F;, with a refractive index of n = 1.0014 is
used, resulting in a momentum coverage of 2 to 60 GeV/c. In the RICH2 detector, CF,
with refractive index of n = 1.0005 is used instead, covering the region 15 to 100 GeV/c.
The reconstructed Cherenkov angle as a function of particle momentum, as measured
by RICH1, is shown in Fig. The RICH system shows strong separation power for
the different charged particles, although certain momentum regions exist in which
specific particles cannot be separated; below a momentum of 9.3 GeV/c, neither charged
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kaons nor protons emit Cherenkov light, thus making separation impossible. For each
track, the reconstruction software provides delta log-likelihoods, DLLs, of particle
hypotheses. For this, a pion mass is applied to each track and a pion log-likelihood is
computed. Following this, the log-likelihoods for the proton, kaon, electron and muon
mass hypotheses are computed and their difference to the charged pion hypothesis is
provided.

The calorimeter system is used to determine the energy and impact position of
hadrons, electrons and photons depositing their total kinetic energy. The main calor-
imeter system [[107] consists of the ECAL and HCAL, which are based on the same
design principle. Both are sampling calorimeters, consisting of alternating layers of
scintillating and absorber material. In analogy to air showers, interactions with the ab-
sorber material initiate particle cascades, leading to the total deposition of their energy.
The produced scintillating light is then measured by the scintillating layers, allowing
the determination of the particle’s energy. Although they share this general design,
they are used for different processes. The ECAL is optimized for the identification of
electron and photons. It uses lead as an absorber, providing a total thickness of 25
radiation lengths. The HCAL on the other hand is optimized for the identification of
both charged and neutral hadrons. For this, iron is used as absorber material, resulting
in a total depth of 5.6 nuclear interaction lengths. The main calorimeter system is
supported by the SPD and PS detectors. The two subdetectors are separated by a thin
lead layer, enabling additional separation power between electron- and photon-induced
cascades; only electrons interact with the scintillating material in the SPD detector,
while the lead plate causes photons to initiate an electromagnetic shower.

The PID system is completed by the muon system [[108, 109]], consisting of five
muon stations, M1-M5. The first muon chamber, M1, is placed between the RICH2
detector the calorimeter system. It is a gas electron multiplier and only used to improve
the transverse momentum measurement for the hardware trigger. The remaining
muon chambers, M2-M5, are placed downstream the calorimeter system. They contain
multiple multi-wire proportional chambers, dedicated to the measurement of charged
particles that were not stopped by the calorimeter system. The only charged particles
that should reach the M2-M5 are muons, due to their long life-time and minimal ionizing
nature. However, due to the limited size of the calorimeter system, high-energetic
hadrons could in principle reach the muon system. For this reason, the muon chambers
are interlayered with 80 cm thick iron layers, reducing the misidentification probability
to the percent level.

The only SM particles that can cannot directly be detected by the LHCb detector are
neutrinos, as they do not interact with the detector material at all.
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Figure 3.4 — Reconstructed Cherenkov angle for isolated tracks as a function of momentum, as
measured by the RICH1 system, from Ref. [[102].

3.2.3 System for the Measurements of Overlap with Gas

As previously mentioned, the LHCb experiment can also operate as a fixed-target
experiment. This is possible due to the SMOG system [89]]. The SMOG system was
initially conceived for precise luminosity calibration [110] of colliding proton beams,
for which it was installed in the LHCb detector in November 2011 during a technical
stop [89]. Through the SMOG system, the noble gases helium, neon and argon can
be injected into the vacuum vessel of the VELO. This injection creates a localized
pressure bump extending approximately +20 m around the interaction point, with a
nominal pressure of about 2 x 10~/ mbar, which is two orders of magnitude higher
than the nominal LHC vacuum pressure [95]. This was successfully exploited for
precise luminosity determination using beam imaging techniques [[111]. Between 2015
and 2018, the SMOG system was also used to study proton-nucleus and lead-nucleus
collisions. For this purpose, several dedicated runs have already been performed with

helium, neon and argon targets using proton and lead beams [95]]. An overview of the
collected SMOG datasets is given in Fig.

A major benefit of this system are the easily interchangeable targets, allowing studies
of diverse sets of proton-nucleon and proton-nucleon collisions. Due to its fixed-target
configuration, this capability comes at the cost of a reduced nucleon-nucleon centre-
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of-mass energy, defined via

A [SNN = \/ZEN . MNC2 + MI%IC‘L’ (31)

where Ey is the beam energy and My the mass of the target per nucleus. While
the latter is technically target-dependent, it is typically of the order of one proton
mass. Therefore, a 6.5 TeV proton beam colliding with a fixed target corresponds to a
nucleon-nucleon centre-of-mass energy of \/syy = 110 GeV.

10? Beam Energy

2500 GeV

I 4000 Gev

1 [ 6500 Gev
10
102

pNe pHe pAr pAr PbAr
2015 |

IIIIIIII| IIIII|'|T| IIIII|'|T| IIIIIﬂTl_

protons (Pb) on target [10%9

pNe PbNe
017 | 2018

Figure 3.5 — Illustration of available SMOG datasets acquired during Run 2. The highlighted
columns show the datasets used in this analysis. Picture modified from Ref. [[95]].

Within the detector upgrade for Run 3, the SMOG system was also upgraded to
the SMOG?2 [95]] system. In this upgraded system, the gas is stored in a sophisticated
storage cell, which is located upstream of the LHCb collision point. Outside the open
ends of the cell, the gas density is suppressed by the VELO vacuum pumps, such that
the beam-gas collisions occur mostly inside the cell. A sophisticated gas supply system
allows a more accurate determination of the target pressure—and therefore luminosity—
with the design pressure being two orders of magnitude higher than SMOG for a given
gas [95,(112]]. With this configuration, the SMOG system is no longer limited to noble
gases, thus allowing the use of more gas species, such as hydrogen, deuterium, oxygen,
nitrogen and the noble gases krypton and xenon [95]]. Especially proton-oxygen and
proton-nitrogen collision will be of great interest, as they are excellent proxies for air
showers. Due to the increased gas pressure of the SMOG2 targets compared to SMOG,
beam-gas interactions are more likely to occur, resulting in larger data samples. This
makes SMOG2 measurements less prone to statistical uncertainties. First results are
presented in Ref. [113] and several analyses are ongoing.
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ratios in proton-nucleon collisions

In this chapter, the measurement performed within this thesis is presented. It has not
been published yet, but is currently undergoing internal review within the IFT working
group of the LHCb experiment. In this measurement, double differential cross-section
ratios of the strange hadrons K2, A and Z—collectively referred to as V| in analogy to
their initial discovery in air shower experiments [7-10]—to charged pions, 7~ and 7+,
are performed. The measurement is performed utilizing the SMOG system, providing
fixed-target proton-helium (p-He) and proton-neon (p-Ne) collisions recorded at a
centre-of-mass energy of ,/syy = 110 GeV. The measurement is initially performed
in intervals of centre-of-mass rapidity, y*, and transverse momentum, pr, which is a
standard two-dimensional phase-space grid used in differential cross-section measure-
ments. For the study of strangeness enhancement, the measurement is additionally
performed in intervals of transverse momentum and average multiplicity, (N, ), mak-
ing it the first measurement of multiplicity-dependent strangeness production using
the SMOG system.

4.1 Data and simulation samples

The data samples used in the presented measurement consist of p-He and p-Ne col-
lisions. The samples were recorded with beam-energies of E = 6.5 TeV, resulting
in centre-of-mass energies of /sy = 110 GeV for each dataset. Both the p-He and
p-Ne datasets were recorded during Run 2; the p-He dataset was recorded in 2016,
while the p-Ne dataset was recorded in 2017. An overview of the collected SMOG
datasets acquired during Run 2 is given in Fig. in which the highlighted columns
show the datasets used in this measurement. The p-He sample was collected over
a period of four and a half hours and contains approximately 6 x 10° events. The
p-Ne sample on the other hand was recorded over a period of 16 hours and contains
approximately 1.7 x 101° events. During data taking, both datasets were recorded using
the same trigger configuration. On hardware level, all events are recorded at a fixed
rate, independent of detector activity. At the first stage of the software level (HLT1),
events are required to contain at least one reconstructed track within the VELO. At this
stage, it is also checked that only events are recorded where a filled bunch of protons
of the incoming beam intersects with an empty bunch from the outgoing proton beam.
This type of event is referred to as beam-empty events.
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For both datasets, a simulated sample containing approximately 10 000 000 events
is provided. The initial generation of proton-nucleon events is done using EPOS-LHC,
while the interactions of particles with the detector material and the detector responses
are handled by the GEANT#4 toolkit [114,[115]]. Using the same software used on data,
tracks are reconstructed from the detector-response. The simulation allows linking
of reconstructed tracks to generated particles; tracks that cannot be associated with
generated particles are classified as fake. This information is later used to determine
efficiencies and cross-checks. The detailed implementation will be discussed in the
following chapters.

4.2 Analysis strategy

The goal of this analysis is to measure differential cross-section ratios of strange
hadrons to charged pions, KSO /(" + 7)) and (A + A) /(x* + 77). In doing so, only
particles produced within a very narrow temporal and spatial distance from the primary
interaction—where most of the energy is transferred—are taken into account. These
particles are referred to as prompt. For the definition of prompt particles, this work
follows the widely used definition of primary particles, as provided by the ALICE
collaboration [116]]. A particle is classified as primary if it is either directly produced in
the interaction, or none of its ancestors are long-lived, meaning that no particle further
up in the decay chain had a mean-lifetime exceeding 30 ps. An overview of long-lived
particles is given in Tab. Following this definition, primary will be referred to as
prompt in this thesis.
The double-differential cross-section with respect to two arbitrary variables, o and
B, is defined as
d’o _ n
dadf  L-Ax-AP
where L is the integrated luminosity, Ao and Ap are the widths of the kinematic
intervals in « and f, and n is the number of promptly produced particles observed
within the intervals. The differential cross-section is additive, meaning that the yield of
a composite category of particles is obtained by summing the yields of its components
na,p = na + np. In the above-mentioned datasets, the true count of particles is not
directly accessible. Instead, candidates for V° particles and charged pions must be
determined; V° candidates are reconstructed through their characteristic two-body
decay topology, while long tracks are chosen as pion candidates. Details are given in
Sec.[4.4|and Sec. While the number of observed candidates is directly connected
to the number of true promptly produced particles, several effects need to be taken
into account. Due to the geometric acceptance of the LHCb detector and the finite
efficiencies of the reconstruction algorithms, not every charged particle is reconstructed
as a track, thus reducing the amount of observed candidates. For Vo particles, an
additional correction has to be applied to account for the branching fraction of the
chosen decay channel. Furthermore, the measured particle count is also contaminated
by background contributions that need to be subtracted. Consequently, the number of

(4.1)
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promptly produced particles can be written as

n _ nbkg
p=—and SiT (4.2)
e-B

Here, n,,,q4 is the number of observed candidates, n})kg is the contribution from back-
ground source i, € is the total efficiency—given by the product of the geometric detector
acceptance, the reconstruction, and selection efficiency—and 53 is the branching ratio.
In case of a decay, the average values from the PDG are taken for the values of 5,
however in the case of stable or directly detected particles, e.g. 7" or 7, the branching
ratio is set to 1. The studied background sources for both V? hadrons and pions are
non-prompt contributions, either from decays of long-lived particles or interactions
with the detector material. The first background source that is specifically studied for
pions are tracks that do not correspond to real particles, also known as fake tracks.
The second pion-specific background source comes from particles that pass the particle
identification (PID) requirements used to obtain a high-purity pion-sample. The first
background source specific for V's is the combinatorial background, which refers to
random combinations of tracks that did not originate from a common ancestor. The
second specific V? source are cross-feed contributions from other V? particles, origin-
ate from wrongly assigned mass hypotheses during their reconstruction. A detailed
description of how these contributions were accounted for is given in Sec. and

Sec.
Inserting Eq. (4.2) into Eq. (4.1) results in the following expression for the double-
differential cross-section:

bkg
d20' 1 Neand — 24i Y

dadf L -Aa-AB € B

(4.3)

When taking the ratio of two such cross-sections, the luminosity and bin widths cancel,
resulting in the following expression:

bkg, A -1
d20'A dzO'B _ (ncand, AT zi n; ) ) (GA ) BA)

dedp/ dedp 6By (e By

As most efficiency or background components are not known for real data, they have
to be taken from simulation, which is reweighted to describe the data. However, even
reweighted simulation does not describe the data with 100 % accuracy, which is why
data-driven approaches are used to either determine efficiencies or correct efficiencies
obtained from simulation.

R(A, B)y = (4.4)

Neand, B —

The underlying analysis code is written entirely in the PYTHON programming lan-
guage and a list of all the relevant software packages is given in Appendix In
the following sections, the overall preprocessing of the samples are presented. This
is followed by sections dedicated to the selection of V° particles and charged pions.
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The same methods are applied to different collision and binning systems. To ensure
clarity and avoid redundancies, a focus is set on intermediate results stemming from
the p-He samples, in intervals of y* and pr; intermediate results from the p-Ne samples
and pr — (N,) intervals are not presented, unless significant differences are observed.
Finally, the intermediate steps are combined, and the final results are presented.

4.3 Preprocessing and analysis concepts

In this chapter, steps of the analysis that concern both the V° and charged pion selection
and observables, are discussed. This includes a global preselection after the software-
trigger—the offline event selection—and application of the correct Lorentz-boost into
the centre-of-mass system. In addition, the kinematic intervals used in the remaining
analysis are defined.

4.3.1 Event selection

In order to study relative strangeness production, V? particles and charged pions need
to be separated from background processes. The selection consists of several steps,
namely the selection of the online trigger lines, the offline event selection, and the
selection of the dedicated processes. The purpose of the event selection is to ensure
that the event topology is well-defined, thus reducing ambiguities and removing events
dominated by background processes. The event selection used in this thesis is inspired
by the selection first introduced in Ref. [[117]. It is applied to both data and simulation,
independently of the studied particle of interest or studied collision systems. The
applied event-selection is summarized in Tab.|4.1|and briefly explained in the following.

To ensure unambiguous association of tracks to a primary vertex, all events are
required to have exactly one reconstructed primary vertex. The primary vertex must
also fulfil two additional requirements. Firstly, the primary vertex is required to be
reconstructed within the fiducial region, PV, € [-700, 100] mm, which is the estab-
lished standard interval for SMOG analyses. In addition, the position of the primary
vertex is also required to be consistent with the beam geometry. In order to reduce
the contributions of spurious primary vertices from decays, secondary collision or
combinatorial track matching, a cut is applied on the distance between the beam-centre
and primary vertex at the same z-coordinate:

Jd2, + d;, < 400 pm, (4.5)
with

d., =PV, — (offset,,/mm - PV, - a,,) (4.6)
dy, = PV, — (offset,,/mm — PV, - ), (4.7)
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Table 4.1 - Applied event selection on data and simulation.

Quantity Requirement
Number of backward tracks <5
Number of primary vertices =1
z-coordinate of primary vertex € [-700, 100] mm
Distance of primary vertex to beam centre at same z < 400 pm

where offset,, and offset,, are the beam-offsets and «,, and a,,, are the inclination-
angles of the beam profiles within the x — z and y — z planes, respectively. How these
offsets and angles are determined in detail will be explored Sec.[4.3.2]

Finally, the number of backwards tracks Ny, i.e. tracks with negative pseu-
dorapidity, is required to be smaller than 5. The cut is studied in detail in the internal
documentation of Ref. [[117] and is found to only remove a per-mille fraction of events
while removing events with large multiplicities and many fake tracks, exceeding even
the typical values for proton-proton collisions. This kind of events, called splash events,
are believed to originate from beam-gas collisions up to 20 m upstream of the VELO.
Particles from these collisions with high pseudorapidity may interact with the beam-
pipe, thus creating high-energy showers. As a result of combinatorial track matching,
fake primary vertices can be reconstructed; Similarly to fake tracks, these fake primary
vertices are incorrectly reconstructed from random tracks which, by chance, mimic a
real interaction point.

In addition to the general selection criteria described above, the IFT group has identi-
fied specific periods of data-taking with reduced quality. These periods, corresponding
to subsets of the collected data, have been excluded from the measurement presented
in this thesis. As a result, a total of 2.6 x 108 remain for the p-He data sample, while a
total of 2.2 x 10% events remain for the p-Ne data sample.

4.3.2 Beam profiling

Apart from the separation from background, the correct treatment of the observables,
as observed in the laboratory frame, is important. Due to the asymmetric collision,
particles in the laboratory frame experience a mass-dependent boost along the z-axis.
Therefore, to avoid species-dependent distortion in the ratios, the observables must
be correctly Lorentz-boosted to the centre-of-mass system. However, simply Lorentz-
boosting the observables along the z-axis assumes that the beam is perfectly aligned
to it, which is not the case. Therefore, the correct approach is to account for the
inclined beam by determining its inclination angles in the x — z and y — z planes. The
four-momentum of a given particle can then be rotated according to Eq. (4.8), using the
rotation matrices R, and Ry, to correct for the beam incline. Afterwards, the observables
can safely be boosted into the centre-of-mass system.
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E 10 0 0 1 0 0 0 E’
pel J0 1 0 0 |0 cos—a,, 0 sin—ay, | |py (458)
- . ’ .
Dy 0 0 cos—a,, —sin—a,, 0 0 1 0 Py
D, 0 0 sin—a,, COS—q,, 0 sin—ea,, 0 cos—a,) \p;
:Rx =R

y

The beam is profiled using the mean positions of primary vertices in the x — z and
y — z plane. The inclination angles and offsets are then determined by performing
polynomial fits to the mean x and y values as a function of the PV, positions. As the
simulated beam conditions may not be identical to data, this is done separately for data
and simulation. The fits in both planes are presented in Fig. 4.1 for p-He collisions,
while the results for p-Ne are presented in Fig. A linear fit is performed in the
y — z plane, while a parabolic fit is performed in the x — z plane. For both fits, the
constant term represents the vertical beam-offset, and the arctangent of the fitted slope
corresponds to the inclination angle. The resulting offsets and inclination angles are
summarized in Tab.[4.2] and Tab.

Due to the small inclination angles, correcting for them has minimal impact on the
observables and the difference between the proper treatment and a simple boost along
the z-axis is much smaller than the uncertainties of this measurement. Nevertheless,
this correction is carried out for the sake of consistency.

Table 4.2 — Obtained values for the beam inclination angles and offset after beam-profile fit
for p-He data and simulation. For a quadratic model, two values are provided for the angle: the
first for the lowest z-value, and the second for the highest z-value.

origin plane angle / rad offset / mm

Data x—z (—4.3698+0.0111)x 1074,  (8.1399 = 0.0005) x 10~
(—5.1070 =+ 0.0044) x 10™*

Simulation x—z (—4.3051 % 0.0248) x 10™%,  (8.0966 + 0.0011) x 10~
(—5.1037 £ 0.0100) x 10™4

Data y—z (—4.2266+0.0141)x 107>  (—2.2537 + 0.0004) x 10}

Simulation y—2z (—4.2960 +0.0347) x 107> (—2.1981 = 0.0010) x 10~
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Figure 4.1 - Beam profiles for p-He collisions. The upper row shows the profiles in data, while
the lower row shows the profiles in simulation. The left column shows the beam-profile in the
x — z plane and the right column shows the beam-profile in the y — z plane.

Table 4.3 — Obtained values for the beam inclination angles and offset after beam-profile fit
for p-Ne data and simulation. For a quadratic model, two values are provided for the angle: the
first for the lowest z-value, and the second for the highest z-value.

origin plane angle/rad offset / mm

Data x—z (=5.1607 £ 0.0117) x 1074,  (7.4440 = 0.0005) x 10~
(—4.8967 + 0.0047) x 10~*

Simulation x—z (—5.0189 +0.0143) x 107,  (7.3753 + 0.0006) x 10~
(—5.0250 =+ 0.0057) x 1074

Data y—z (=6.0567 +0.0141) x 107> (—2.0714 =+ 0.0004) x 10~

Simulation y—z (-5.5828+0.0194)x 107> (—1.8709 = 0.0006) x 10~}
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Figure 4.2 — Beam profiles for p-Ne collisions. The upper row shows the profiles in data, while
the lower row shows the profiles in simulation. The left column shows the beam-profile in the
x — z plane and the right column shows the beam-profile in the y — z plane.
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4.3.3 Matching of simulated and real samples

For the accurate description of the detector-efficiency, the detector response needs to
be simulated accurately. The LHCb Tracking Group found that the simulated tracking
efficiency agrees well with data only if the detector occupancy is matched [118].
Consequently, the simulated samples must be reweighted to match the occupancy
observed in data. This is especially important as the performance of tracking algorithms
depends on the number of tracks and thus detector occupancy. The occupancy weight
is determined by selecting an occupancy proxy and then comparing the number of
events at each occupancy value in data and simulation. For this measurement, the
number of long-tracks is chosen as occupancy proxy. The occupancy weight is then
calculated as the ratio of the event count in data to that in simulation. The resulting
weights for the p-He and p-Ne datasets are illustrated in Fig. A clear difference
is observed between the simulated p-He and p-Ne samples. The occupancy observed
in the p-Ne samples is slightly higher than that in the p-He samples. Aside from this
feature, the ratio for the p-Ne samples exhibits a flatter distribution than in the p-He
sample, while the overall offset in both cases is proportional to the total number of
events passing the selection in data.

102
1 ¢ p-He
p-Ne

10 20 30 40 50 60 70 80
number of long tracks

Figure 4.3 — Occupancy weights for the p-He and p-Ne samples.
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4.3.4 Binning

As outlined in Chap. 4} the measurement is performed in two 2D systems, in kinematic
intervals of y* — pp and pr — (Ng,), for each of which the determination of the bins
is explained in the following. The bin-edges chosen for the centre-of-mass rapidity
are inspired by the known detector acceptance in pseudorapidity in the laboratory
system, ny,, € [2.0,5.0). The rapidity range covered in the centre-of-mass system can
be estimated using the relation

Y =1~ Yem> (4.9)

inh I (4.10)
~ arsin 1, .
yCl’Il 2 . MNC2

where Ey is the beam energy and My the mass of the target per nucleus. For both the
p-He and p-Ne datasets, y,.,, is approximately 4.77. It is important to highlight that
y’ is not equal to the correctly Lorentz-boosted rapidity y*, as it only gives a rough
estimate based on the pseudorapidity, a geometric observable. Using this estimate, the
interval in y* is chosen to be y* € [-2.5,0.5). As the cross-section only varies slowly
as a function of rapidity, six bins with a bin width of Ay* = 0.5 are chosen.

with

Contrary to this, the differential cross-section in p follows a power-law distribu-
tion and covers multiple orders of magnitude. Therefore, a logarithmic binning is
chosen instead, covering the interval py € [102, 104) MeV/c. The number of bins—and
hence the bin width—is chosen dependent on the studied 2D system. For the meas-
urement in intervals of y* — py, 16 bins are chosen, corresponding to bin width of
Alog (pr/ GeV/c) = 0.125. To ensure sufficient statistics per bin, a broader binning of
4 bins is chosen for the measurement in pr — (N_,) intervals, corresponding to a bin

width of Alog (py/ MeV/c) = 0.5.

Unlike linear or logarithmic binning, where bin edges are defined directly in the
variable range, determining suitable intervals in average multiplicity requires a ded-
icated procedure that is applied separately for each dataset. Following the approach
outlined by the ALICE collaboration in Ref. [31]], five multiplicity classes are defined
based on the relative occurrence of various amounts of long-tracks per event. Contrary
to the definition employed by the ALICE collaboration, which uses ten classes, only
five are employed here. This is done to compensate the reduced multiplicity ranges,
and therefore narrow intervals, in fixed-target collisions compared to beam-beam
interactions. Since ratios relative to charged pions, which make up the majority of
long-tracks, are measured, simply counting all long-tracks could induce unwanted cor-
relations between the observables and binning variable. For this purpose, two regions
are defined. This is done using the estimated centre-of-mass rapidity y’, as the mass
composition of tracks is unknown in data. The measurement range, y” € [-1.0,0.0),
defines the region in which the analysis will be performed in, while the calibration
range, y' € [—2.5,—1.0) U [0.0,0.5), is used to determine the intervals in average mul-
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tiplicity. The calibration range is chosen such that the track distribution is similar to
the measurement range.

To determination of average multiplicity intervals involves several steps. First,
the various amounts of tracks within the calibration range are counted. Using the
percentiles listed in Tab. five long-track intervals are determined. Using the
reweighted simulated sample, the obtained intervals are mapped to the number of true
prompt long-lived charged particles. As the simulation provides direct information
on the species of true prompt long-lived charged particles, their true centre-of-mass
rapidity can be used. Therefore, to implicitly compensate for the approximate Lorentz-
boost, the number of tracks in the calibration range is mapped to the number of true
prompt long-lived charged particles with centre-of-mass rapidity y* € [—1.0,0.0).
The average multiplicity (N_,) is then determined as the mean count of true prompt
long-lived charged particles in the corresponding long-track interval, with negligible
uncertainties. For both collision systems, the resulting mapping is illustrated in Fig.
This mapping is affected by tracking inefficiencies and the presence of non-prompt
contributions. For example, a prompt V? particle can decay into two charged particles,
resulting in two long tracks associated to non-prompt particles. In addition, due to
inefficiencies in the event reconstruction, promptly produced charged particles are not
guaranteed to be reconstructed as long-tracks, while the number of long-tracks can
also include fake tracks. The resulting average multiplicities are additionally listed in

Tab. [4.4

Mean

10°

104

long

tracks
long
tracks

103

N,
N,

102

MC MC
Nch Nch

Figure 4.4 — Multiplicity mapping for the p-He (left) and p-Ne (right) datasets. The grey lines
indicate boundaries of the long-track intervals, while the points represent the calculated, mean
mapping of long-tracks to number of prompt charged particles.
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Table 4.4 - Definition of the different multiplicity classes with their determined bin edges and
average multiplicity per dataset.

class  0/0ipe pHe pNe
long-track intervals (Nep) long-track intervals (Nep)

I 0-47% [0,3) 2.913 £ 0.001 [0,4) 2.782 % 0.001
I 4.7—-14% [3,5) 3.634 = 0.001 [4,6) 4.714 £ 0.001
I 14 -28% [5,7) 4.797 £ 0.001 [6,8) 6.106 + 0.002
v 28 —48 % [7,10) 6.249 = 0.002 [8,12) 7.877 £ 0.002
A% 48 — 100 % [10,41) 8.594 + 0.003 [12,52) 10.987 + 0.004

4.4 Measurement of the prompt V° yield

In this section, the determination of the prompt V° yields is described. First, the
reconstruction of V° candidates from specific decay channels is described. This is
followed by a detailed description of the methods applied for background rejection and
the estimation of residual background contamination. Subsequently, the estimation of
the number of candidates in each kinematic interval as well as the determination of
the total V0 efficiency is presented. Systematic studies for the relevant steps are also
outlined at the end of the respective sections.

4.4.1 Candidate identification and reconstruction

As V? particles are neutral, they do not produce hits within the detector. However,
their average lifetime is sufficiently short that sufficiently many of them decay within
the detector acceptance. The most likely decay a V? particle undergoes is into two
charged hadrons; the K? meson predominantly decays into two charged pions, 7"
and 77—, with a branching ratio of (69.20 + 0.05) % [36]], while the A baryon decays
predominantly into a proton and a negatively charged pion, with a branching ratio of
(64.1 % 0.5) % [36]. Similarly to the A baryon, the A baryon decays into an antiproton
and a positively charged pion with the same branching ratio [36]. The leading order
Feynman diagrams, for the decays KY — 7~ z+ and A — pn~ are shown in Fig.
In this context, leading order refers to the simplest possible process, providing the
dominant contribution.

As V? particles are not reconstructed by the used HLT1 trigger lines, there are
no predefined objects containing the V° quantities in the used samples. Therefore,
they must be manually reconstructed. This is done by combining track-pairs with
opposite charge. In each event, all possible track pairs are determined and form a
vertex candidate if oppositely charged. As the V° particle is expected to traverse
some distance before decaying, a minimum distance along the z-axis of Az = 150 mm
between the primary vertex and the V° decay vertex is required in order to suppress
combinatorial background. Following this, invariant mass hypotheses are calculated
for each analysed V° particle. This is done by assigning mass hypotheses to final state
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v d ™ v al"
35 I S u
K3 a  Aju > u p
d > d d > d

Figure 4.5 — Feynman diagrams of the decays K — 7~ " (left) and A — pr~ (right) at leading
order.

tracks according to the V decay products. Once mass hypotheses are applied, the
combined four momentum of the V° candidate can be calculated as the sum of the two
tracks’ four momenta, allowing the determination of the invariant mass. The invariant
mass of a K candidate is required to be within 100 MeV/c? of the known K mass, and

for A and A candidates, the invariant mass is required to be within 40 MeV/ ¢® of their
known mass. Once a candidate is selected, its four-momentum is corrected according
to the procedure described in Sec. The transformed four-momentum is then
used in the subsequent analysis steps. The same procedure is applied to the final state
candidates’ tracks.

4.4.2 Candidate selection

When constructing V° candidates by combining opposite charged tracks, genuine
signal processes are included; however, the likelihood of two unrelated tracks which
happen to have opposite charges and fly close to one another is also high. This kind of
background is known as combinatorial background. In addition, undesired contributions
originating from either long-lived particles decaying into V° particles or interactions
of particles with the detector material are also present and need to be accounted for.
Finally, V° candidates may also contain cross-feed contributions from other V° particles.
However, this contribution is discussed separately in Sec. [4.4.3]

For the reduction of background processes, six abstract, geometric variables are
employed. The derivation of these variables is presented internally within the LHCb
collaboration by Michael Schmelling in Ref. [119] and is summarized in Appendix
The variables can be organized into two groups of three variables. The first group
contains the distance of closest approach between the V° decay products, D, the distance
from the primary vertex to the event plane, S, and the in-plane impact-parameter of the
V? candidate to the primary vertex, . For promptly produced V? particles, these three
quantities are expected to be close to zero. The second group includes the in-plane
squared impact parameters of the tracks from the primary vertex, I;; and I,,, and a
variable containing the information on the flight-distance not covered by the other
variables, I;,, which are all sensitive to non-zero lifetimes.

The distributions of the six geometric variables for K — 7~ candidates in p-He
collisions are illustrated in Fig. The distributions are shown for prompt KSO particles,
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Figure 4.6 — Distribution of BDT input variables for K — n*7~ candidates in the p-He

simulated sample. Here, signal refers to prompt K particles, whereas background refers to
everything else.

which are labelled as Signal, while remaining contributions from either non-prompt
K? particles, combinatorial and cross-feed contributions are labelled as Background.
The D, S and I distributions show a clear separation between signal and background
distributions. This is expected since these variables are close to zero for the two-body
decays of promptly produced V° particles, while they tend to be larger for combinatorial
backgrounds and non-prompt components. The variables I}, I, and I,; show a peaking
structure for promptly produced V° particles; for I, I,, the background contribution
show a double-peak structure. Using the simulated sample it has been verified that
both peaks arise from combinatorial background, with the second peak receiving an
additional contribution from non-prompt K particles. The distributions for A and A
candidates are presented in Appendix Overall, the trends for A and A baryons are
similar, but offer less separation power. This has been checked using the simulated
sample and is mainly caused by an increased non-prompt contribution, caused by
decays of long-lived strange hadrons. The distributions of I, I, are interchanged for

Aand A baryons. This effect arises from the internal ordering of tracks, which directly

impacts the variables; the first track is always negatively charged, while the second
track is always positively charged. No major differences are observed between the

p-He and p-Ne datasets, which is expected due to the purely geometric nature of these
variables.

The six geometric variables are a linearly independent set for two-body decays and
are therefore perfectly suited as input for a machine learning classifier. Machine-
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learning classifiers typically perform better when input variables are on a similar
numerical scale. However, the six variables span several orders of magnitude. There-
fore, the logarithm of these variables is taken as input instead. This is not an issue, as
all variables except I,; are strictly positive, for this latter problematic case the logarithm
of the absolute value is taken instead.

For this measurement, a boosted decision tree (BDT) is employed as machine-
learning classifier. It is implemented using the XGBCLASSIFIER provided the XGBoosT
library [120]. To mitigate the effect of class imbalance between signal and background
in the training dataset, the scale_pos_weight parameter of the XGBCLASSIFIER is used.
This scales the contributions of the signal in the loss-function according to the ratio

NBackground
. ackgroun ’ (4.11)

NSignal

with the number of background entries, Ng,cground> and the number of signal entries,
Nsignal- The maximum depth of the BDT is chosen as 4, while the logloss function is
chosen for the evaluation metric, as it is a common choice for binary classification. The
classifier response can be any value between 0 and 1, with 0 being most likely back-
ground and 1 being most likely signal. It can therefore be interpreted as a probability
of a V? candidate being a true promptly produced V° particle.

A common approach when employing a BDT is to divide the available simulated
sample into a training and testing subset. However, this renders the training subsample
unusable in the subsequent analysis steps, as applying the BDT on data it has been
trained on could introduce a bias. To avoid reducing the amount of simulation available
for later analysis steps, k-folding is employed. The basic principle of k-folding is to
split the trainings sample into k equal subsets or folds. This way, k classifiers can be
trained on k — 1 subsets each, with the remaining subset being available for evaluation.
By doing so, the majority of data can be used for the training of the classifiers. As
each classifier can safely be applied to the sub-set it was not trained on, the complete
simulated dataset remains available for subsequent measurement steps. The application
of the classifiers on data is then slightly different. Since all classifiers are equally valid
and have not been trained on data before, the mean of all classifier responses is used
instead. In this analysis, k-folding is employed with k = 5.

The classifier responses for each analysed V° decay are illustrated in Fig. for
one sub-set of the simulated p-He sample each. The classifiers show a clear separation
of signal and background for each V? particle; the background is always peaking
near 0, while the signal is always peaking near 1. Despite the number of background
entries being significantly higher than the number of signal entries, the classifier
performance remains high and robust, indicating strong discriminating power for each
V9 particle. For K candidates, the classifier assigns a roughly equal amount of signal
and background to a score of 0.4. Using the simulation truth information, it is observed
that the background excess in this region is caused by the non-prompt component,
which for K? particles consists exclusively of material interactions. For both A and A
candidates, the number of signal entries with a low classifier response differs between
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the trainings and test datasets. Judging by the error bars and general shape of the curves,
the limiting factor seems to be the total number of /A and A particles available in the
simulated sample. This is not a problem, as these regions will be excluded by applying
a cut on the classifier response. This will be discussed in more detail further below. For
each V? particle, the number of background entries starts to peak again for values near
1. Truth-level information from the simulation indicates that the background in this
region is dominated by the non-prompt component, with additional contributions from
the cross-feed and combinatorial components. Generally, the number of background
entries with a classifier-response close to 1 relative to the signal entries is small, and
therefore not a problem. However, the relative non-prompt contribution is visibly
higher for A and A candidates than for KSO candidates and therefore requires additional
attention, which will be addressed at the end of this section.

The strong separation power is also indicated by the receiver operating characteristic
(ROC) curves, which are, for one subset of the simulated p-He dataset, illustrated in
Fig. |4.8|for each analysed V° particle. A ROC curve shows the false-positive rate on
the x-axis versus the true-positive rate on the y-axis. The false-positive rate, FPR, is
the fraction of background that is misidentified as signal and is defined as

FPR — #Ij“a.lse Positive . (4.12)
#False Positive + #True Negative

while the true-positive rate, TPR, is the signal efficiency and defined as

TPR = #ff‘rue Positive _ (4.13)
#True Positive + #False Negative

A True Positive occurs when a signal entry is correctly identified as such, while a False
Positive refers to a background entry that is, incorrectly, identified as signal. Similarly,
True Negative refers to a background entry that is correctly identified as such, while
False Negative refers to a signal entry that is, incorrectly, classified as background.
Therefore, strong separation power is indicated by a signal efficiency close to 1 while
having a false-positive rate close to zero. This information can be summarized as a
single number, the Area under Curve (AUC), which is 1 for perfect separation, 0.5
for no separation or random guessing, and 0 for total inversion, meaning a strong
separation of signal and background which are simply labelled incorrectly. As the AUC
is close to one for each V° species, the classifiers seem to be able to separate prompt
VO from background sources.

For the remainder of the analysis, a cut on the classifier response is applied for each
V0 species. The cut is chosen such that the majority of signal is kept, while suppressing
as much background as possible; the cut values are determined such that the signal
efficiency is 0.9.

As mentioned earlier, the increased relative non-prompt components in / and A
candidates requires additional treatment. Studies using the simulated sample revealed
that a significant contribution stems from long-lived, multi-strange particles. To
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suppress this contribution, an additional constraint is put on A and A candidates by
requiring the impact parameter to be smaller than 0.12 mm. This variable is chosen
as it generally provides strong separation power between no prompt and non-prompt
component. However, in case of /A and A baryons, no clear separation can be achieved.
Therefore, this cut has been manually optimized to increase the purity of the remaining
sample while preserving sufficient statistics.
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Figure 4.7 - Classifier response for K¢ (upper left), A (upper right), and A (lower middle)
candidates in the first of five subsets of the simulated p-He sample. The label Signal refers to
the promptly produced particle of interest, while Background refers to everything else.
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4.4.3 Mass veto

The BDT selection and the requirements on the impact parameter applied in the
previous section significantly suppress combinatorial and non-prompt contributions.
However, they do not inherently distinguish between A — pz~ + cc. and K0 — 777~
decays. The reconstruction of these two-body decays differs only in the assigned mass-
hypothesis of the final-state tracks. Therefore, assigning an incorrect mass hypothesis
to one of the final-state tracks can cause a decay of one particle species to populate
the reconstructed mass region of another. These cross-feed contributions are not
suppressed by the applied BDT, as its input variables are purely geometric in nature.
As a result, these cross-feed contributions must be explicitly vetoed.

For K particles, the veto is performed by assigning the proton mass-hypothesis to
either of the final state tracks. If the resulting invariant mass lies within 9 MeV/c? of
the known /A mass, the candidate is vetoed. The same procedure is applied for A and
A candidate by assigning a pion mass hypothesis to the corresponding proton track
candidate. If the resulting invariant mass lies within 20 MeV/c? of the known K2 mass,
the candidate is vetoed. The recomputed invariant masses of K mesons and A baryons
from the p-He simulated sample are visualized in Fig. There, the cross-feed of true
A and KSO mesons are explicitly highlighted. The remaining cross-feed contribution
after applying the cut is negligible and thus not studied further.
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Figure 4.9 — Invariant mass of V° candidates with substituted mass hypotheses in the p-He
simulated sample. The substituted mass hypothesis p — 77" in the A sample is illustrated in
the left plot, while the 7+ — p substitution in the K{ sample is illustrated in the right plot. The
cross-feed of true K and A particles is highlighted in orange. The blue distributions show the
remaining invariant mass of the respective sample, i.e. true A (left) and K? (right) particles and
combinatorial background. The grey areas highlight the vetoed regions.

4.4.4 Signal yield extraction via invariant mass fits

After applying the selection and veto outlined in the preceding two sections, the next
step is to determine the number of V° candidates. This is done by performing binned
extended maximum-likelihood fits to both data and simulation. The primary goal
of the fits is to separate the V' candidates from combinatorial background. As prompt
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and non-prompt V? particles are indistinguishable at this stage, they are collectively
treated as signal. The fits are performed in every kinematic interval with sufficient
statistics, requiring 100 candidates in both data and reweighted simulation.

The V° signal component is fitted using a non-standardized Student’s ¢ distribu-
tion [[122], which is an interpolation between a non-relativistic Breit-Wigner and a
Gaussian distribution. A non-standardized Student’s t distribution has the following
three parameters: the mean value, y, the standard deviation s, and the number of
degrees of freedom, v, which serves as shape parameter. The latter is originally defined
as a discrete variable, but is allowed to vary continuously during the fit. To increase
numerical stability, the value 1/v is fitted instead of v. The student’s ¢ function is
normalized to 1 and then scaled by the signal count Ny.

Given the absence of any background source other than the combinatorial back-
ground, the background component is modelled using a second-order Bernstein polyno-
mial. While these polynomials possess the excellent numerical properties of Chebyshev
polynomials, they come with the advantage that their density cannot be negative as
long as all parameters are non-negative. This avoids numerical issues during the
minimization of the cost-function.

To mitigate background-induced bias, only the combinatorial background is fitted
first. This is done by excluding all entries within a narrow window around the expected
signal peak. The resulting background fit parameters are then fixed, and the signal peak
is fitted separately within the narrow window. In the subsequent steps, the total model,
i.e. signal plus background, is determined. To ensure convergence when the signal peak
is not clearly defined, weak Gaussian constraints are employed in addition to parameter
constraints. The obtained complete model is then compared to the background-only
model. The total model is only chosen when a fit with a non-zero signal peak performs
significantly better than the background-only model. This improvement is quantified
by the difference in the log-likelihoods, which is required to be at least 10.

This procedure is then used to obtain the statistically independent K?, A and A counts
in every kinematic interval. Representative fits of the invariant mass distribution for
KSO , A and A candidates in both data and simulation are illustrated in Fig. for
chosen y* — py intervals.

To check whether the performed fits are in any way biased, they are also performed
on the occupancy-reweighted simulated sample. For every kinematic interval, the fitted
V0 count is compared to the true number of reconstructed V° particles. The absolute
difference between these two values is then used as relative systematic uncertainty. The
KSO , Aand A counts obtained for the real p-He sample, including their statistical and
systematic uncertainties are illustrated in Fig. Fig. and Fig. in intervals
of y* — pr. For K? particles, the statistical uncertainty is below 3 % for the majority of
intervals, increasing to 20 % towards the kinematic edges. The systematic uncertainty
is below 4 % for the majority of intervals. Large deviations of up to 20 % are mostly
observed at the lower or upper edges, and thus originate from low statistics. For A and A
particles, the statistical uncertainties are slightly increased, being between 1.5 and 10 %
for the majority of intervals. Towards the kinematic edges, the uncertainties increase
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Figure 4.10 - Fitted invariant mass distributions obtained from the real (left) and simulated
(right) p-He samples for chosen y* — py intervals. The distributions are presented for K? (top
row), /A middle row and A (bottom row) candidates. The solid line shows the fitted complete
model while the dashed line shows the background-component of the model. For the simulated

samples, the background and particle distributions are tracked separately and stacked for
illustration.
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4 Measurement of cross-section ratios in proton-nucleon collisions

up to 30 %. In addition, the number of intervals in which a fit could be performed
is reduced compared to Kg particles. The systematic uncertainties are below 7 % for
the majority of intervals, increasing towards the kinematic edges, where individual
intervals exceed 50 %. Again, this is likely caused by the reduced statistics in these
intervals.
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Figure 4.11 - Obtained K counts for the real p-He sample in intervals of y* — pr. The bars
and boxes represent the statistical and systematic uncertainty, respectively.
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Figure 4.12 - Obtained /A counts for the real p-He sample in intervals of y* — pr. The bars and
boxes represent the statistical and systematic uncertainty, respectively.
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Figure 4.13 — Obtained A counts for the real p-He sample in intervals of y* — py. The bars and
boxes represent the statistical and systematic uncertainty, respectively.
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4 Measurement of cross-section ratios in proton-nucleon collisions

4.4.5 Remaining background contributions

As the fits of the invariant-mass distribution discussed in Sec. already successful
separate K2, /A and A particles from combinatorial background, only the remaining
contamination from the non-prompt components needs to be determined. As outlined
earlier, this contamination can either stem from decays of long-lived particles or from
interactions with the detector material.

The origins of true K, A and A particles in the simulated p-He sample are presented
in intervals of y* — py in Fig. Fig. and Fig. respectively. As illustrated
in Fig. non-prompt K? particles only stem from material interactions. However,
their relative contribution is small for the majority of intervals. The compositions of A
and A presented in Fig. and Fig. show a similarly small contamination from
material interactions. However, there is an additional contribution from strange hadron
decays, which is already suppressed by the cut on the impact parameters applied in
Sec. The kinematic intervals with contributions exceeding 10% are located at
either the lower or upper edges and are therefore constrained by statistics, making
them less of a concern. Since the background contributions for the remaining intervals
are minimal, they will not be investigated further. Their impact is instead accounted
for by assigning a 50 % systematic uncertainty to the background contribution derived
from the simulated sample.
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Figure 4.14 - Origins of K{ particles in the simulated p-He sample.
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4 Measurement of cross-section ratios in proton-nucleon collisions

4.4.6 Total efficiency

Not every prompt V? particle produced in proton-nucleus collisions can be successfully
reconstructed within this analysis. Some decay products may fall outside the geometric
acceptance of the detector, for instance due to the magnetic field bending particle
trajectories out of the sensible regions, into material of the beam-pipe, or detector
itself. Additional losses arise from inactive detector regions, where traversing particles
cannot be registered. Furthermore, the track-reconstruction algorithm itself may fail,
particularly in high-occupancy events or when particles decay mid-flight, within the
tracking system. The amount of observed V° particles is further reduced by the applied
selection and mass veto. To account for these effects, the total efficiency is determined
to correct the observed candidate count, as defined in Eq. .

The total efficiency can be determined using the simulated samples, which already
includes the description of geometric acceptance, tracking and reconstruction efficiency.
The total efficiency can be determined the number of generated V° particles and count
the true, reconstructed V° particles that pass the selection criteria. The total efficiency
is then given by

lected
NI'SeeCO
€total = N . (4.14)
gen
where N, is the number of generated prompt V0 particles and N2¢l¢c%ed s the number

reconstructed prompt V? particles that passed the candidate selection. The total V°
efficiency gained from the p-He simulated sample is illustrated in Fig. in intervals
of y* — pr.

The K? efficiency is consistently larger than the A and A efficiency. This cannot be
caused by the BDT, as the efficiency is set to be 0.9 for each V° species. Therefore, this
difference is likely mainly driven by the shorter lifetimes of KSO particles compared to /A
and A particles, as well as the additional requirement applied on the impact parameter
from A and A baryons. The efficiencies for A and A particles are approximately
equal for the majority of bins. This is expected due to their particle-antiparticle
relation, resulting in nearly identical kinematic distributions and decay topologies.
Small differences can arise from the interaction of the decay products with the detector
material, mainly the absorption and annihilation of antiprotons in the detector material.
Further asymmetries can arise from the charged pions of the decays. When the A or
A particle is produced at mid-rapidity, their corresponding pions may be bent out of
detector acceptance, depending on the magnetic polarity. This effect, combined with
the low statistics as indicated by their uncertainties, is most likely responsible for the
observed asymmetry.
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Figure 4.17 — Total efficiency for prompt K, A and A in intervals of y* — pr for the p-He
simulated sample.

Correction of the tracking efficiency

The total V° efficiency presented above already includes the tracking efficiency, which
is not correctly simulated. To account for differences between the real and simulated
samples, correction factors need to be applied. The correction factors are provided by
the Tracking Group of the LHCb collaboration and are determined using Jiy — p* p~
decays in pp collisions [[118]]. The procedure in Ref. [[118] describes the results for the
2010, 2011 and 2012 datasets, but the procedure for the 2016 and 2017 datasets is the
same. The tracking efficiency correction is determined in proton-proton collisions,
based on a tag and probe approach, and is provided in intervals of momentum and
pseudorapidity in the laboratory frame. The decay is chosen due to its abundance
and clean signature. Tag tracks are determined by selecting a long track, while probe
tags are reconstructed using only hits in the T stations and the muon chambers. To
keep the muon purity high, additional soft constraints are applied to both the tag
and the probe track, based on the PID response and their kinematic and geometric
features. Afterwards, two sets of JJi candidates are selected, based on the combination
of either one tag and one probe track or two long-tracks. Soft constraints are again
applied to reduce unwanted contributions, this time to the invariant di-muon mass and
the geometric features of the reconstructed particles. The tracking efficiency is then
determined by fitting the invariant mass distribution of both sets and then calculating
the ratio of the results from the tag-and-probe sample to those from the two-long-track
sample. The correction factor is subsequently calculated as the ratio of the efficiency in
data over the efficiency in simulation. Intervals in which this method was not successful
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4 Measurement of cross-section ratios in proton-nucleon collisions

are assigned the correction factor 1.00 = 0.05. An additional systematic uncertainty
of 0.8 % is determined by varying the occupancy weighting of the simulated sample.
The correction factors are illustrated for simulated samples corresponding to 2016
data-taking conditions in Fig. The correction factors corresponding to 2017 data
taking conditions are given in Appendix

The above described procedure does not factor in the loss of particles due to hadronic
interactions, as it is performed using (anti)muons. For pions, the Tracking Group
recommends an uncertainty of 1.4 % per track [[118]. No uncertainty is given for protons,
which is therefore estimated using the simulated samples. Just like (anti)muons,
(anti)protons are long-lived charged particles that do not decay within the LHCb
detector. As a result, the only difference in their tracking efficiency must stem from
effects of hadronic interactions. Therefore, the hadronic proton loss, fp, is estimated
using the relation

fr=1-2, (4.15)

where €, is the tracking efficiency of protons and ¢, the tracking efficiency of muons.
The efficiencies are calculated based on Eq. (4.14). Due to the limited muon-statistics
in the simulated sample, only a single factor integrated over all kinematic intervals is
provided. For the p-He simulated sample, a hadronic loss of f,, = 0.90 + 0.06 is found
for protons, while a hadronic loss of f; = 0.69 + 0.05 is found for antiprotons. For the
p-Ne simulated sample, f,, = 0.85 +0.06 and f5 = 0.65 + 0.04 are found.

Long efficiency ratio
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Figure 4.18 — Map of correction factors to account for discrepancies between real and simulated
samples for 2016 data-taking conditions. The values are provided by the Tracking Group [123],
using the procedure described in Ref. [118].

For each reconstructed V? in the simulated samples, the weight

w=fif, (4.16)

56



4.4 Measurement of the prompt V° yield

is applied, where f; and f, are the per-track correction factors. As the mapping
does not cover the full phase-space studied in this analysis, the remaining intervals
are assigned a correction factor of 1.00 £ 0.05, the same factor that is applied when
the procedure described above failed. To account for variations across the different
kinematic intervals between the provided mapping and the intervals employed in this
analysis, a bootstrap approach is applied. In this approach, the correction factors are
varied 100 times according to a Gaussian variation, with the standard deviation set to
the uncertainty of the factors. The resulting correction factors, including their statistical

and systematic uncertainties, are illustrated in Fig. [4.19] Fig. and Fig. for K2,
A and A, respectively, for the p-He simulated sample. The correction factors for the

p-Ne samples are presented in Appendix The distributions for KSO show statistical
uncertainties of up to 10 % for low pr. As the correction factor is exactly one for these
intervals, this indicates that both decay products are not covered by the kinematic
intervals provided by the Tracking Group. The abrupt rise in the statistical uncertainty
observed in high pr is most likely linked to one of the decay products being in the
kinematic interval where the method described above failed. This is further indicated
by their corresponding distributions for the 2017 simulated samples, where these
structures are not present. Similar trends are observed for the A and A distributions.
However, the overall statistical uncertainty at low y™ is slightly lower than for KSO
mesons, remaining above 5 % but rarely reaching 10 %. In addition, the number of
intervals in which a correction factor could be determined is smaller compared to K
mesons, reflecting differences in decay and track kinematics. For every V° particle,
this correction constitutes one of the leading sources of overall uncertainty.
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Figure 4.19 - Tracking correction for K — 77~ decays for the p-He simulated sample. The
bars and boxes represent the statistical and systematic uncertainty, respectively. The grey
dashed line serves as a visual guide, indicating the value of 1.
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Figure 4.20 - Tracking correction for A — pn~ decays for the p-He simulated sample. The
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Figure 4.21 — Tracking correction for A — pr* decays for the p-He simulated sample. The
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4.4 Measurement of the prompt V° yield

Decay time correction

As already mentioned in Sec.[4.4.1, most forward-going V° particles decay within LHCb
detector as their mean lifetime is sufficiently short. However, their lifetime is long
enough that a small fraction of them decay outside the detector volume. A feature of
the LHCDb simulation is that neutral particles not decaying within the LHCb acceptance
are not saved. As a result, the number of generated particles used in Eq. is
reduced, thus overestimating the efficiency.

This bias is studied by reconstructing V° lifetimes. For an unstable particle with
mean lifetime 7, the expected number of particles remaining as a function of time, N(2),
is exponentially decreasing and given by

N(t) = N, - exp <—f_) (4.17)

where N, is a scaling factor which corresponds to the number of promptly produced
particles. The lifetime distribution can be reconstructed by calculating the flight
distance of promptly produced V° particles. This is achieved using the vertex of origin,
OV, where the V? is produced, and the decay vertex, DV, where it subsequently decays.
Using both the V? mass and momentum, myo and pyo, the decay time of the particle

can then be calculated via R R
. |OV —DV| - myo

C: pyo

The lifetime distribution is then determined via the decay time of each promptly
produced V? particle. If V° particles decay exclusively within the detector acceptance,
the resulting distribution matches the expected distribution in Eq. (4.17). Missing
decays of generated V* particles, however, cause the reconstructed distribution to stop
following the exponential law towards longer decay times. This effect is expected to
increase as a function of momentum, as the generated V° particles take less time to
leave the detector.

(4.18)

The correction factor, f, is determined by fitting the exponential decay law given in
Eq. to the reconstructed lifetime distribution. In this fitting procedure, the mean
lifetime 7 of the V? particle is kept fixed, thus only the scaling factor N}, is extracted.
As the cut-off in high-pr could bias the fit, it is only performed using a reduced range
in which the drop-off is not present. Two representative fits for generated KS0 and /A
particles in the p-He simulated sample are presented Fig. For both fits, comparisons
to the fit using the full range are given as well. Using this fit, the correction factor fis
determined via

, (4.19)

where Ap;,; represents the area defined by the histogram, and Ag;; represents the area
under the fitted curve.

It is observed that the cut-off is present in every kinematic interval, with the dis-
crepancy starting earlier as a function of transverse momentum. The correction factor
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4 Measurement of cross-section ratios in proton-nucleon collisions

is—apart from statistical fluctuations—by definition smaller than one, and can be inter-
preted as the efficiency of a generated V? particle retained in the simulated sample. The
efficiency for Ké) particles is approximately 98 % for the majority of intervals, going
down to 92 % towards the edges of kinematic acceptance. The efficiencies of /A and
A are slightly lower, reaching 95 % in the majority of intervals and 89 % towards the
kinematic edges. This is expected due to the increased average lifetime.
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Figure 4.22 — Reconstructed decay-time distributions and fitted exponential decay laws for
generated K? (left) and A (right) hadrons. The decay law is fitted in both a reduced and full
interval.

4.5 Measurement of the prompt pion yield

In this section, the determination of the prompt charged pion yields is outlined. First,
the selection of pion candidates using PID information is described. This is followed
by the estimation of background contribution using the simulated samples. Following
this, a proxy for fake tracks is determined, which is used in the subsequently presented
template fits used to extract the prompt-pion count. Finally, the prompt-pion efficiency
is determined.

4.5.1 Candidate selection

The majority of tracks stems from pions, which is why every track is a potential pion
candidate. However, leading contributions can also stem from other charged particles,
such as kaons, protons, electrons, muons, and their antiparticles. In addition, not all
reconstructed tracks stem from promptly produced particles. Any long-lived particle
decaying into at least one charged particle within the detector can generate additional
tracks, which are associated to non-prompt particles. Also, due to ambiguities in the
matching of track segments, the track sample is additionally contaminated by fake
tracks, i.e. the incorrectly reconstructed particle trajectories not associated to a real
particle passing through the detector.
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4.5 Measurement of the prompt pion yield

While some of these contributions must be separated from the prompt charged pion
component at a later step of the measurement, the first step is to reduce the contribu-
tions of other charged particles. This is done using the DLL variables provided by the
PID system of the LHCb detector. In particular, three discriminating quantities are em-
ployed: the difference of the log-likelihood function with proton and pion hypotheses,
DLL,,, kaon and pion hypotheses, DLLg,, and electron and pion hypotheses, DLL, .
These variables are smaller than zero if the track is more likely to stem from a pion and
greater than zero if the track is more likely to stem from the respective other particle.
Entries of zero indicate that the two particle hypotheses are equally likely or that the
delta log likelihood could not be calculated. The latter is often the case for fake tracks.
To ensure a high pion purity while keeping sufficient statistics, a selection is applied
by requiring DLL ,, < —2.5, DLLg, < —2.5, and DLL,; < 0. For the remaining tracks,
the pion-mass hypothesis is applied, and their four-momenta corrected according to
the procedure described in Sec. The corrected four-momenta are then used in
the subsequent analysis steps.

4.5.2 Candidate composition

The selection applied in Sec. is expected to result in a sample with high pion-
purity. The effectiveness of this selection is studied using the simulated samples. This
is done using truth-matching, a procedure in which reconstructed tracks are matched
with their corresponding, simulated particles. This procedure allows each track to
be either identified as fake track, if no match is found, or correctly associated with a
generated particle. The candidate composition of tracks with negative charge, before
applying the selection, is presented in Fig. for the p-He simulated sample in
intervals of y* and pr. Only the relative contribution of associated particles, or lack of,
to reconstructed long tracks, are shown. It does not contain any information about
the origin, i.e. whether it was promptly produced or if it is the result of a material
interaction.

As expected, the majority of long tracks stem from pions. Towards the edges of
the kinematic acceptance, the majority of long tracks are fakes. This is expected as
the amount of sensors decreases towards the edge of the geometric acceptance of the
detectors, which results in fewer points for the tracking algorithm to fit, making fakes
more likely. The remaining, dominant contributions stem from antiprotons, kaons
and electrons. For these contributions, a pr dependence is observed; the electron
contribution is high for low p and decreasing towards higher pr, while the antiproton
and kaon distribution rise slightly towards higher pr. The decreasing relative number
of electrons is likely related to photon conversions, from which a majority of electrons
are produced, as these are expected to happen less frequently for increasing py. The
distributions for positively charged tracks shows the same trends and are thus not
presented separately.

The candidate composition for negatively charged tracks, after the selection is
applied, is presented in Fig. The background contributions have been significantly
reduced. The remaining leading background now comes from fake tracks, whose
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Figure 4.23 - 7~ candidate composition in the p-He simulated sample in intervals of y* and
pr, before the selection is applied.

relative contribution reaches its maximum at low pr and high y*, but falls significantly
as pr increases. No significant differences are observed in the corresponding 7w+
distributions.

The prompt contribution from other particles needs to be investigated as it needs to
be subtracted from the final prompt pion count according to Eq. (4.2). The same truth-
matching approach as described above is used again, now only for prompt particles.
The prompt 7~ candidate composition is illustrated in Fig. for the p-He simulated
sample, in intervals of y* and pr. Again, no significant differences are observed for the
remaining systems. Since the prompt 7~ purity is high for the all kinematic intervals,
with only a small prompt kaon contribution visible towards the edge of kinematic
acceptance, these backgrounds are not investigated further. Instead, a 50 % systematic
uncertainty is applied on their relative contribution.
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4.5.3 Fake-track proxy

As discussed in the previous section, most background sources have already been
significantly reduced. However, the remaining fake-track contribution can still bias
the following measurement steps if left unconstrained. Due to this, a fake proxy is
determined. Generally speaking, a proxy, P, can be anything measurable which is
proportional to the wanted quantity, ni: P ~ ny. As this relation is equally valid for
both real and simulated samples, it is possible to determine a ratio, Ry, which can be
used to estimate the count of the real quantity in data using simulation:

P, n
Ro=—F = "k (4.20)
7)k, sim N, sim
= M= Re - ny gim- (4.21)

A suitable fake proxy is a quantity with a fake purity as high as possible. For this
purpose, the number of long tracks as a function of the fake probability, Pg,., is studied.
Unfortunately, a cut on the fake purity was already applied during the online selection,
leaving only the interval of Pp,. € [0.0,0.4] to work with. However, this window is
sufficiently large for the purpose of this study. The fake purity can be determined using
the simulated sample by calculating the figure of merit (FOM)

Nfake

FOM = ——M|
Nfake + Nreal

(4.22)

where in this case, N, is the number of fake-tracks and N, is the number of real
tracks. The figure of merit is calculated for each kinematic interval within the two
systems studied, as a function of P, .. For this, the fake probability is divided into
eight bins of equal width, with APg,. = 0.05. Example plots for the p-He simulated
sample are presented in Fig. in intervals of y* and pr.

The fake ratio, Rg,}, is determined using the number of long tracks with Pg,. €
[0.35, 0.40] per kinematic interval. Using the occupancy-reweighted simulated sample,
the fake ratio can be estimated via

data sig, sim

n —n
tracks tracks
Rpake = , (4.23)

fake, sim
tracks

where n% s the number of long tracks in the real sample, n.-2 """ is the number
tracks tracks

of reconstructed long tracks in the simulated sample that are associated to generated

particles, and ntf?::ksslm is the number of fake tracks in the simulated sample. Due to the

limited statistics of long tracks with high fake probability present after the selection
applied in Sec. the ratio is not determined separately for each charge. Instead, a
single fake ratio is determined and later used for both charges. A systematic variation
is performed by calculating the ratio again according to Eq. (4.23), but this time for
long tracks with Pp. € [0.30,0.35). The systematic uncertainty is then estimated by
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Figure 4.26 — Representative P, . distributions in different y* — p; intervals for the p-He
samples. Shown are the number of candidate tracks in the data sample (point) in the occupancy-
weighted simulated sample (stacked histogram). The stacked histograms show the amount of
fakes (grey) and matched tracks (blue). The lower plot in each example shows the fake purity.
A vertical line is drawn at Pg, . = 0.3 serves as visual guidance, as the bins to the right of it will
be used to determine the fake proxy and its systematic uncertainty.

calculating the absolute value of the difference of these two ratios. The resulting fake
ratio for the p-He simulated sample is illustrated in Fig. in intervals of y* — pr.
The proxy ratio is greater than unity in almost all kinematic intervals, indicating that
the number of fake tracks is underestimated in simulation. In the first two y” intervals,
the proxy ratio fluctuates a lot as a function of pr, reaching values of up to 10. These
fluctuations, paired with high statistical and systematic uncertainties, suggest that is
effect is caused by the limited amount of long tracks in these intervals, either in the
real or simulated sample. These fluctuations and high uncertainties are however not
a problem, as they will only serve as constraints in the following analysis steps. The
distributions become smoother for the following y* intervals, while also going towards
unity, with the uncertainties decreasing as well. The amount of fake-tracks appears to
decrease around a transverse momentum of 10> MéV/c, as indicated by the increasing
statistical and systematic uncertainties and the subsequent absence of entries. Since
the fake ratio is not determined separately for tracks associated with a positive or
negative charge, the same ratio is used for x" and 7”7, with a correlation of 100 %.
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Figure 4.27 — Proxy ratio for fake tracks in intervals of y* and py for the p-He sample. The
bars and boxes represent the statistical and systematic uncertainty, respectively. The black
dashed line serves as a visual guide, indicating the value of 1.

4.5.4 Signal yield extraction via template fits

As discussed previously, the pion purity in the remaining sample is very high. However,
the origin of these pions has not been investigated yet. Consequently, the sample still
contains contributions from non-prompt pions, originating from decays of long-lived
particles and material interactions. In addition, contributions from fake-tracks persist
and have to be taken into account.

In order to distinguish between prompt and non-prompt pions, a discriminating
variable is required that is sensitive to the production origin of the track. A suitable
variable for this purpose is the impact parameter: prompt pions, produced in proximity
to the primary vertex, are characterized by a small impact parameter, while non-prompt
pions extend to larger values, as they do not point back to the primary vertex. While
the impact parameter provides strong discrimination power between prompt and non-
prompt pions, simply applying a cut would reduce the available statistics and would not
exploit the full available information. A more robust approach is therefore to perform a
template fit. Using the simulated sample, the impact parameter distribution is modelled
as superposition of the prompt, non-prompt and fake component. In a subsequent step,
these components are scaled to unity and fitted on data, thus serving as a template.
The fitted scaling factors then provide the count of the respective components in data.
However, even though the fake contribution is small, it is observed to peak under
the signal peak for certain kinematic intervals. This could lead to huge uncertainties,
as the templates can then be chosen arbitrarily, resulting in the respective scaling

66



4.5 Measurement of the prompt pion yield

factors being over- or underestimated in an attempt to match the data. Therefore, the
fake component is restricted using the fake-proxy ratio determined in Sec. The
scaling factor is constrained by the product of the number of simulated fakes and the
ratio; the lower and upper bounds are set by the propagated total uncertainties. In
the majority of kinematic intervals, the prompt component peaks around an impact
parameter of 0.1 mm, with the fake+non-prompt component starting to rise at around
1 mm. However, the templates do not perfectly match the data which, together with
the small statistical uncertainties in data, results in a high y?/ndf. This is a common
problem when working with template fits and not investigated further.

To evaluate potential modelling biases, a systematic variation of the template fit
is performed. In this approach, the prompt peak is parametrized via a Double Sided
Crystal Ball function [124] instead, while the non-prompt and fake components are
fixed to their previously fitted templates. A Double Sided Crystal Ball function consists
of a Gaussian core and two power-law tails. The Gaussian core is described using a
normalization factor, N, the mean value y, and the width parameters, o; and oy, of the
left and right side of the Gaussian component. The power-law tails are described by
two variables each: the exponent of the power-law tail, m; or mg, and the location of
the transition to a power-law tail in standard deviation from the mean to the right,ap,
or left, o7 . To increase numerical stability, the Double Sided Crystal Ball function is not
fitted on the IP, but on log;, IP/mm instead. To ensure convergence in every kinematic
interval, soft constraints are applied to the parameters. The starting parameters are
obtained from the true prompt distribution in the simulation. Example plots of both
the pure template fit and the systematic variation for 7~ particles are presented in
Fig. for chosen kinematic intervals in the p-He dataset.

The systematic uncertainty is then calculated as the absolute difference of the prompt
pion counts obtained by the two methods. The resulting 7~ counts, including their
statistical and systematic uncertainty, are presented in Fig. in intervals of y* and
pr for the p-He dataset. The systematic uncertainty is on the sub-percent level for
the majority of intervals, only reaching percent-level in intervals limited by statistics,
in which the templates do not describe the data. The corresponding distributions for
positively charged pions are similar and are thus not presented separately.
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Figure 4.28 — Prompt 7~ template fits for the p-He samples. The left column shows template
fits for chosen y* — pr intervals, while the right column shows the corresponding systematic
variations. The blue points represent the data, while the solid line represents the total fit model.
The dashed and dotted line show the prompt+fake and fake components, respectively.
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Figure 4.29 — Estimated prompt 7~ counts for the p-He data sample in intervals y* and py.
The bars and boxes represent the statistical and systematic uncertainty, respectively.

4.5.5 Total efficiency

In this section, the total efficiency to observe prompt pions is discussed. Similarly
to the prompt V° efficiency, the total prompt pion efficiency is the product of the
tracking efficiency, i.e. the efficiency of a prompt pion to be reconstructed as a track,
and the efficiency of a prompt pion to pass the applied selection, the PID efficiency.
The determination of these efficiencies is presented in the following.

Prompt tracking efficiency

The prompt pion tracking efficiency is calculated using the reweighted simulated
samples for each kinematic interval. This is done according to Eq. , where in this
case, Ngep, is the number of generated prompt pions, while Ngelected j¢ the number of
tracks that can be associated to a prompt pion. It should be noted that no selection
other than the event selection discussed in Sec. is applied at this stage. Although
it is in principle possible to combine the tracking efficiency directly with the PID
efficiency by applying the DLL cuts, the PID efficiency is instead determined using
data-driven methods, thus yielding a more accurate result. The prompt tracking
efficiencies determined using the p-He simulated sample are illustrated in Fig.
in intervals of y* and py. The efficiency multiplied by the pion charge is presented,
allowing to display both the prompt 7" and 7~ efficiencies in the same plot without
the points overlapping. Similarly to the efficiencies presented in Sec. the prompt
pion efficiencies are the lowest for low and high y*, mostly only reaching efficiencies
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up to 0.5. The efficiencies are then slowly rising as a function of y*, reaching their
maxima at y* € [—1,5,—1.0) and y* € [—1.0, —0.5) before they are decreasing again.
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Figure 4.30 — Tracking efficiency of prompt pions in intervals of y* and p; for the p-He
simulated sample. The product of the efficiency and the particle charge in units of the elementary
charge is shown to separate values for oppositely charged particles.

Correction of the tracking efficiency

In analogy to the procedure described in Sec. the prompt pion tracking efficiency
must be corrected to account for mismatches between the data and simulated samples.
The correction is again based on the correction factors provided by the Tracking
Group [123].

Tracks associated with prompt pions are selected in the reweighted simulated sample
and assigned a weight f, based on their kinematic properties. For pions falling outside
the kinematic coverage of the provided correction table, the correction factor 1.00+0.05
is applied, as it is the same correction employed by the Tracking Group for intervals
in which no correction factor could be determined. The overall correction factor
is obtained as the ratio of reweighted to the original number of tracks. Statistical
uncertainties are determined by performing 100 Gaussian variations, where the 1o
intervals are set to the reported uncertainties. An overall systematic uncertainty of
0.8 % is applied. To account for hadronic interactions of pions, an additional systematic
uncertainty of 1.4 % is considered, as recommended by the Tracking Group [118]. The
correction factors for prompt 7~ in the p-He simulated sample are presented in Fig.
in intervals of y* and py. The statistical uncertainties are almost identical for prompt
7~ and 7", and reach up to 5% for low pr, indicating that these kinematic intervals
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are not covered by the Tracking Group. For the kinematic intervals y* € [—1.5,—1.0),
y* € [-1.0,—0.5) and y* € [-0.5,0.0), the uncertainties, as a function of pr, quickly
rise up to 5 % before decreasing again. This is likely caused by the kinematic interval
where the method described above failed. The same trends are observed for prompt
7" particles and are thus not presented separately. The corresponding distribution
obtained for the p-Ne samples is presented in Appendix [A.5]
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Figure 4.31 - Tracking correction for prompt 7~ particles for the p-He simulated sample.
The bars and boxes represent the statistical and systematic uncertainty, respectively. The grey
dashed line serves as a visual guide, indicating the value of 1.

PID efficiency

Since the PID performance can differ between data and simulated sample, it is evaluated
using the data samples. This is done using KO — 7t 7~ decays as these provide a clean
and well-defined source of pions; a clean K0 — 777~ sample was already obtained
through the application of a BDT in Sec. It will therefore be re-used for this study.

The PID efficiency of a charged pion is determined by performing fits on the invariant
" mass distribution, analogous to the fitting procedure described in Sec. The
fits are however not performed in the kinematic intervals of the KSO candidate, but in
the kinematic intervals of the pion for which the PID efficiency is determined. The
invariant-mass fits are performed two times, one time for all KSO candidates and one
time for all K? candidates where the pion candidate passes the DLL selection applied
in Sec. Example plots with and without the selection applied are presented in
Fig. for the p-He dataset.
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Figure 4.32 - Fitted invariant mass distributions obtained from the full K? sample (left) and the
K? sample after applying the DLL selection (right) for the real p-He sample in chosen y* — pp
intervals. The solid line shows the fitted complete model while the dashed line shows the
background-component of the model.
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The PID efficiency is then calculated from the fitted signal yields, NE‘%l and Ng;‘t,
obtained before and after applying the DLL selection, via

Ncut
= At (4.24)
Nall
fit

fit

The statistical uncertainty is determined using a bootstrap approach. Every KS? candid-
ate is associated with an event, and every event is equally likely to occur. Therefore, the
bootstrap is performed by drawing a sample of events and selecting every KSO candidate
associated to those events. In total, 100 bootstraps are performed, for each of which an
efficiency is calculated. The statistical uncertainty is then given by the square root of
the variance of these 100 efficiencies.

The systematic uncertainty is estimated using the simulated sample. Even if the true
PID efficiency is not correctly described in the simulated sample, the method described
above should be able to reproduce the simulated PID efficiency. Therefore, the true
simulated PID efficiency, egllg , is determined by truth-matching tracks to prompt pions
in the simulated sample. Using the number of truth-matched tracks before and after
applying the PID selection, N&”C and Nﬁ‘ct, the true PID efficiency of the simulated
sample is determined as

Ncut

MC _ "~ 'MC
GPID = W (425)

MC

Using the true simulated PID efficiency and the PID efficiency determined using the
mass-fit method described above on the simulated sample, the systematic uncertainty

is determined as the deviation from unity of the ratio egltl’)MC / 6%% . The resulting PID
efficiencies for 7, including their statistical and systematic uncertainty, are presented
in Fig. in intervals of y* and py for the p-He data-sample. The statistical un-
certainties are generally small, typically the order of 1% in the majority of intervals,
going up to 14 % towards the kinematic edges. The systematic uncertainty however is
typically the order of 5 %, going up to 50 % towards the kinematic edges. This does not
impact the measurement significantly, especially as they occur in regions where the
overall uncertainties are generally large. Still, the PID efficiency is a leading source
of systematic uncertainty overall. In individual intervals this uncertainty is even ex-
ceeding the uncertainties of the V? tracking correction. However, as the pions from
K? — 7tz decays are not prompt, some small offsets within the kinematic intervals
are expected. The prompt 7™ PID efficiency shows similar trends and is therefore not
presented separately.
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Figure 4.33 — PID efficiency obtained 7~ from K! — z"7~ decays in p-He collisions, in
intervals of y* and pr. The bars and boxes represent the statistical and systematic uncertainty,
respectively.

4.6 Results

The differential cross-section ratios are calculated according to Eq. (4.4). The full
analysis workflow is applied for each dataset separately and presented here for both in
intervals of y* and pr, and in intervals of py and (N_,). For this, the mapping of the
number of long tracks to the average number of prompt, charged particles is applied
as described in Sec. In the following subsections, the propagated results for the
studied ratios are presented. Kinematic intervals where no measurements could be
made, either due lack of statistics or diverging uncertainties, are not presented. The
results stemming from the p-He dataset are compared to generator predictions from
QGSJet-II-04 [54]], EPOS-LHC [55] and SIBYLL-2.3d [56]. The generator predictions
are obtained using CHROMO [125]]; for each generator, 50 000 000 events are generated,
from which the prompt particles are selected and the ratios calculated. Differences
with respect to generator predictions are highlighted for both binning systems. Since
the results obtained using the p-Ne samples are overall very similar to those obtained
from the p-He samples, they are not discussed separately in this section, but presented
in Appendix instead. As SIBYLL-2.3d does not yet support neon targets, p-Ne
results are only compared to QGSJet-II-04 and EPOS-LHC. To provide a comparison
with the findings of the ALICE collaboration and interpret the results, the measurement
performed in intervals of py and (N,) is integrated in respect to py, which is separately
discussed in Sec.
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4.6.1 Cross-section ratios of K? to charged pions

The obtained differential cross-section ratios for the p-He 2016 dataset, together with
generator predictions, are presented in Fig. in intervals of y* and py. The meas-
urement is dominated by systematic uncertainties. For the majority of intervals, the
systematic uncertainties range from 5 to 12 %, while the statistical uncertainties remain
below 2 %. For all intervals shown, both the measured ratios and generator predictions
suggest an increased strangeness production as a function of transverse momentum.
However, for the majority of kinematic intervals, the generators overestimate the
ratio, while the overall observed trends align best with the predictions from EPOS-LHC.
At low pr, the predictions from SIBYLL-2.3d and EPOS-LHC are similar. However,
SIBYLL-2.3d predicts a stronger increase around 1 GeV/c, followed by a flattening of
the slope, after which it remains slightly offset relative to EPOS-LHC. The predictions
from QGSJet-II-04 start of higher at low pr and continuously increase, with no no-
ticeable reduction in slope towards higher py. For a few selected intervals however,
the predictions from EPOS-LHC and QGSJet-II-04 are compatible with data within the
uncertainties of the measurement.

The differential cross-section ratios, in intervals of pr and (N,), are presented in
Fig. This measurement is again dominated by systematic uncertainties. For
the majority of intervals, the systematic uncertainties range from 5 to 15 %, while the
statistical uncertainties remain below 3 %. Atlow and high pr, the generators reproduce
the overall trend observed in data, although they systematically overestimate the ratio.
In particular, at low py, the measured ratio is decreasing as a function of (N_},). This
trend is reproduced by both EPOS-LHC and SIBYLL-2.3d, whose predictions are in
close agreement with each other. In contrast, QGSJet-II-04 shows a larger offset
and predicts an approximately constant ratio. At mid py however, the overall trends
of the event generators do not agree with the measurement. There, the measured
cross-section ratio rises as a function of multiplicity before reaching a plateau. This
behaviour is not reproduced by the generators, which all predict a slightly decreasing
ratio, with minimal offsets to each other. At high pr, all generators predict a slightly
decreasing ratio as a function of multiplicity, while the measured ratio is approximately
constant. Here, the predictions from EPOS-LHC are within the uncertainties of the
measurement, while the remaining generators overestimate the ratio.
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Figure 4.34 - Differential cross-section ratios of K{ particles to charged pions, 7~ and 7™, in
intervals of y* and py for the p-He 2016 dataset. The black points show the measured ratios,
and coloured lines correspond to the predictions of different event generators. The bars and
boxes represent the statistical and systematic uncertainty, respectively. The relative deviation
of the models to the measured ratio is given in the lower part of each plot.
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Figure 4.35 - Differential cross-section ratios of K to charged pions, 7~ and 7™, in intervals
of pr and (N_,) for the p-He 2016 dataset. The black points show the measured ratios, and
coloured lines correspond to the predictions of different event generators. The bars and boxes
represent the statistical and systematic uncertainty, respectively. The relative deviation of the
models to the measured ratio is given in the lower part of each plot.
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4.6.2 Cross-section ratios of /l and / to charged pions

In this section, the differential cross-section ratios (A + A) /(" + n7), derived from
the p-He dataset, are presented. The ratios in intervals in y* and pr are illustrated in
Fig. For this ratio, systematic uncertainties dominate the measurement, although
statistical uncertainties remain non-negligible in the majority of intervals. For most
intervals, the systematic uncertainties range from 6 to 17 %, with the uncertainties
increasing towards the kinematic edges. The statistical uncertainties range between 3
to 11 % for the majority of intervals, again increasing towards the kinematic edges. The
measured ratios increase as a function of transverse momentum, a trend replicated by
the generators. Overall, the predicted ratios by the generators are similar, with QGSJet -
11-04 yielding slighter larger values than SIBYLL-2.3d and EPOS-LHC. The generated
ratios mainly differ in their slope towards higher pr, with QGSJet-II-04 exhibiting
the steepest increase, followed by SIBYLL-2.3d and then EPOS-LHC. Although the
generators underestimate the ratio in the majority of intervals, the measured ratios
towards high py are best described by SIBYLL-2.3d.

The cross-section ratios for intervals of py and (N,) are illustrated in Fig.
The ratios are again systematically dominated, although the statistical uncertainty is
non-negligible, especially towards low and high py. For most intervals, the systematic
uncertainties range from 6 to 18 %, with the uncertainties increasing towards the
kinematic edges. The statistical uncertainties range between 3 to 11 % for the majority of
intervals, again increasing towards the kinematic edges. For low pr, the measured ratio
is decreasing as a function of multiplicity. This trend is predicted by both QGSJet-II-
04 and EPOS-LHC, while SIBYLL-2.3d predicts a slightly increasing ratios. Overall, the
generator predictions are largely consistent with the measurement within uncertainties;
however, small deviations are observed in the first and last interval. At mid pr, the
measured ratio first exhibits a slight increase as a function of multiplicity, followed
by a subsequent decrease. A slightly increasing ratio is predicted by EPOS-LHC and
SIBYLL-2.3d, but all generators consistently underestimate the ratio. Finally, at large
p1, the measured ratio shows a slight increase as a function of multiplicity. This trend
is again predicted by EPOS-LHC and SIBYLL-2.3d, while only the latter lies within the
uncertainties of the measurement. In contrast to this, QGSJet-II-04 predicts a slightly
decreasing ratio. However, due to the large uncertainties, its predictions lie within the
uncertainties of the measurement towards high multiplicity.

78



4.6 Results

y* €1-25, -2.0) __ pHe 1]y €l=20,-15) ___ phe
~ 1] --- QGSlet-I-04 Vsun =110GeV T --- QGSjet-Il-04 Vs =110Gev
9 EPOS-LHC - o EPOS-LHC -
+ 1 SIBYLL-2.3d + 0.14 SIBYLL-2.3d
+ + :
= 0.1 = ¢ Data
< <
+ + 1072
< <
€ 1072 ©

1073
- 5 w2
8 )
c 1 c 1 .
a [a]
3 0] 3 O .:::"ﬁ.\.:‘___,_. _____ o e e
g s ]
s -1 T s -1 T
102 103 102 10
pr [MeVc1] pr [Mevc!]
1l vyt er-1s, 10 p-He 11 y' €1-10,-05) p-He
= --- QGSJet-1I-04 Vsnn =110GeV ~ --- QGSjet-l-04
3 EPOS-LHC T = EPOS-LHC
R SIBYLL-2.3d P + 014 SIBYLL-2.3d
t ¢ Data e T e
< <
+ 1072 +1072
< <
o <
10734 10734
- 5 2
o 8
c 1 1
o [a]
3 01 T 01
kel e}
s- ‘ S - :
102 103 102 103
pr [MeVc1] pr [Mevc!]
1] ¥*€1-05,00) o p-He
-~ --- QGSJet-1I-04 Vsny =110GeV
ke EPOS-LHC -7
+ ] e SIBYLL-2.3d
+ |
' 0.1
<
T
< 10-2
= 10
o2
8
c 1
a
3 0]
el
2_ :
102 10°

pr [MeVc?]

Figure 4.36 - Differential cross-section ratios of A and A particles to charged pions, 7~ and 77,
in intervals of y* and py for the p-He 2016 dataset. The black points show the measured ratios,
and coloured lines correspond to the predictions of different event generators. The bars and
boxes represent the statistical and systematic uncertainty, respectively. The relative deviation
of the models to the measured ratio is given in the lower part of each plot.
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Figure 4.37 - Differential cross-section ratios of A and A particles to charged pions, 7~ and
7", in intervals of pr and (N, ) for the p-He 2016 dataset. The black points show the measured
ratios, and coloured lines correspond to the predictions of different event generators. The
bars and boxes represent the statistical and systematic uncertainty, respectively. The relative
deviation of the models to the measured ratio is given in the lower part of each plot.
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5 Towards a global picture

In the previous chapter, cross-section ratios of strange V° hadrons to charged pions have
been presented in multiple collision systems and kinematic intervals. However, the
interpretation of these results require them to be placed within a broader experimental
context. A global picture is particularly essential for evaluating the universality of
multiplicity dependent strangeness enhancement. In this chapter, the results are
therefore compared to findings of the ALICE collaborations and additional work in
this context is presented.

5.1 Comparison with ALICE

The results presented in Sec.[4.6] provide a double-differential measurement of strange-
ness production as a function of transverse momentum and multiplicity. This offers
increased insights to the underlying particle production mechanism and is thus an
important input to the generator tuning community. However, the measurement per-
formed by the ALICE collaboration in Ref. [31], which motivates this work, is reported
as a single-differential observable; strangeness production is measured as a function of
multiplicity, integrated over transverse momentum. To provide a direct comparison to
these measurements, and to place the results in the broader experimental context, a
rough estimate of the py-integrated strangeness enhancement is provided. This is done
by adding the efficiency corrected yields of the different py intervals before calculating
the ratios in analogy to Eq. (4.4). It should be emphasized, however, that this is not a
replacement for the integrated measurement. Individual py intervals suffer from large
uncertainties, and correlations between the intervals are not taken into account. In
addition, missing contributions from regions outside the used pr intervals may also
affect the results. The resulting single-differential cross-section ratios are therefore
intended solely to provide a qualitative comparison to the published ALICE results.
The comparison is done using the publicly available HEPData entry corresponding to
Ref. [31], which is available in Ref. [[126]]. As the measurement performed by the ALICE
collaboration covers a different phase space—in terms of pseudorapidity and centre-of-
mass energy—compared to the measurement presented by the author, the cross-section
ratios may differ. However, only the shape of the cross-section ratio is relevant for the
study of strangeness enhancement, not the absolute value. Therefore, to compare the
trends as a function of multiplicity, both ALICE results and the presented, integrated
results are normalized to their respective mean values. The resulting distributions
are presented in Fig. For both the p-He and p-Ne data samples, the estimated
cross-section ratios of st) particles to charged pions are within the uncertainties of
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5 Towards a global picture

the ALICE measurement. For both the p-He and p-Ne data samples, an initial rise
is observed, which may hint at multiplicity dependent strangeness enhancement.
However, the overall uncertainties are too large to draw any conclusions. In contrast to
this, the estimated cross-section ratios of /A + A particles to charged pions are not fully
consistent with the ALICE results. This concerns mainly the p-He data sample, where
the estimated ratios fluctuate as a function of multiplicity. Nevertheless, most data
points remain compatible with the ALICE distributions, with noticeable deviations
observed only towards low and high multiplicity. No clear evidence of multiplicity
dependent strangeness enhancement is observed.
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Figure 5.1 - Normalized, p; integrated yields of 2K? (left) and A + A (right) to charged pions.
The black markers represent the measurement performed by the ALICE collaboration [31}[126]].
The blue and orange data points correspond to the estimated ratios for p-He and p-Ne collisions
using SMOG, derived from the results presented in Sec. In case of the data from the ALICE
collaboration, the error bars represent the total uncertainties. For everything else, the error bar
only refers to statistical uncertainty, while the grey box represents systematic uncertainty.

The comparison to the findings from the ALICE collaboration reflects the limitations
of the current estimates, which include large systematic uncertainties. Differences may
occur from the different coverages in pseudorapdity of the experiments. The ALICE
experiment provides full tracking capabilities within |r,;,| < 0.9 [83], while the LHCb
experiment covers the forward region 1., € [2,5]. Accounting for the Lorentz-boost
for the SMOG system in analogy to Eq. (4.9), the LHCb coverage in the centre-of-mass
frame becomes approximately 7., € [—2.8,0.3]. To visualize the expected differences
between the performed measurement and that of the ALICE collaboration, normalized
differential particle spectra as a function of rapidity in the centre-of-mass system are
shown in Fig. where the pseudorapidity-ranges fully covered by the experiments
are explicitly highlighted. In doing so, pseudorapidity is used as a proxy for rapidity,
which is valid for particles with momenta much larger than their masses (p >> m).
The corresponding predicted ratios are presented in Fig. As shown there, the ratios
are expected to differ across the different collision systems and acceptances. Minor
differences may also occur due to the slightly different measurement ranges used for
the multiplicity-mapping; the ALICE collaboration employed |y*| < 0.5, while the
interval y* € [—1.0,0.0) is employed in the presented measurement.
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Figure 5.2 — Normalized differential particle spectra as a function of rapidity in the centre-of-
mass system, as predicted by EPOS-LHC. The orange lines correspond the expected distributions
for proton-proton collision at a centre-of-mass energy of 7 TeV, corresponding to the conditions
in Ref. [31]. The blue curves show the distributions for proton-helium collisions at a nucleon-
nucleon centre-of-mass energy of 110 GeV, corresponding the conditions of the presented
measurements. The grey boxes correspond to the coverage of pseudorapidity in the centre-of-
mass system of the respective experiments.
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Figure 5.3 — Differential cross-section ratios as a function of rapidity in the centre-of-mass
system, as predicted by EPOS-LHC. The orange lines correspond the expected distributions for
proton-proton collision at a centre-of-mass energy of 7 TeV, corresponding to the conditions in
Ref. [31]). The blue curves show the distributions for proton-helium collisions at a nucleon-
nucleon centre-of-mass energy of 110 GeV, corresponding the conditions of the presented
measurements. The grey boxes correspond to the coverage of pseudorapidity in the centre-of-
mass system of the respective experiments.
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5 Towards a global picture

Finally, the pr-integrated measurement is compared with generator predictions to
assess how well they reproduce the data, as presented in Fig. For both p-He and p-Ne
collisions, cross-section ratios involving KSO mesons are generally overestimated, and all
generators predict a decreasing ratio as a function of multiplicity. However, apart from
an initial rise, the measured ratios are approximately constant. For ratios involving /A
baryons, no coherent trend is observed between the two collision systems; for p-He
collisions, the measured ratio is slightly decreasing, while it is slightly increasing for
p-Ne collisions. In this case, the cross-section ratios are not overestimated by the
generators. For p-He collisions, SIBYLL-2.3d provides the best description of the data,
while EPOS-LHC predicts the overall trend in p-Ne collisions best, although it generally
underestimates the ratios. As no generator provides a fully consistent description of
the data, further improvements to the models are required.
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Figure 5.4 — Comparison of the p; integrated measurement with generator predictions. In
the top row, the differential cross-section ratios KSO /(n~ + n*) is presented, while the cross-

section ratios (A + A) /(n~ + ") is presented in the bottom row. In both rows, the left column
corresponds to p-He collisions, while the right column corresponds to p-Ne collisions.

5.2 Multi-strange particles in SMOG2

Multiplicity-dependent strangeness enhancement has been observed to increase with
strangeness content, i.e. the number of valence strange quarks. In particular, findings
by the ALICE collaboration show that the cross-section ratios of =~ + EandQ +0Q"
to charged pions increase more steeply as a function of multiplicity [31]]. Due to limited
statistics, a dedicated analysis of multi-strange particles with the available SMOG
datasets was not feasible. To enable future measurements using SMOG?2, the author has
established the groundwork by implementing dedicated HLT2 trigger lines in the LHCb
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5.2 Multi-strange particles in SMOG2

trigger system. The HLT2 lines are essential for the analysis of multi-strange particles
as candidates are directly selected and saved during data processing, significantly
simplifying future analyses.

The =~ and Q2™ baryons, as well as their antiparticles, are reconstructed by their most
dominant decays. For the full decay chain of the =~ baryon, the process =~ — A(—
pr~ )~ +ccis considered. The overall branching ratio of this process is approximately
64 %, which is obtained by multiplying B(Z~ — Ax~) = (99.887 + 0.035) % [36] and
B(A — pr~) = (64.1£0.05) % [36]. Similarly, the Q™ baryon is reconstructed using the
decay chain Q= — A(— pn~)K~ +cc. Given that B(Q™ — AK™) = (67.7+0.7) % [36],
the overall branching ratio is approximately 43.3 %. Leading order Feynman diagrams
for the dominant decays of the =~ and Q™ baryons—not including the decay of the A
baryon—are presented in Fig.

U > u S > S
T K~

u u
W= w=
- d 2~ d
s u A s Ut A

S P> S S > S

[n

Figure 5.5 — Leading order Feynman diagrams for the decays =~ — Az~ (left) and Q™ —
AK™ (right).

In both cases, the /A candidate is reconstructed by combining two long tracks ori-
ginating from the same secondary vertex. A candidate is selected if the combined,
invariant mass of the two tracks lies with 25 GeV/c? of the known A mass. In addition,
both tracks are required to satisfy a purely topological selection to ensure that they
stem both from the same secondary vertex. {2~ and =~ candidates are the reconstruc-
ted by combining the A candidate with an additional long track originating from the
same vertex. An additional topological selection is applied to ensure that both the
/A candidate and the track originate from the same vertex. The resulting 2~ and =~
candidates are required to have an invariant mass within 25 GeV/c? of their respective
known masses.

In April 2024, the SMOG2 system was commissioned using proton-argon collisions
and the HLT2 trigger lines were first applied on data. Argon was specifically chosen
as it is the target with the largest atomic number, and thus largest cross-section. The
selected candidates, after two hours of data taking, are presented in Fig. For =~
candidates, a clear mass peak is visible within the expected region. This is not the case
for {27 candidates. Here, only what appears to be combinatorial background is visible.
This is expected, as the 2~ baryon has a significantly lower production rate given
that it is made up of three valence strange quarks. Using CHROMO and EPOS-LHC, the
production cross-section within LHCb acceptance has been estimated to 0.2656 mb for
=" and 0.0107 mb for (27. This makes =~ production approximately 25 times more
likely than (2~ production, thus explaining the observed differences.
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Figure 5.6 — Mass-spectra of multi-strange particles for p-Ar collisions recorded with SMOG?2,
as selected by the HLT?2 trigger lines, from Ref. [127]. Candidates of the decay =~ — An™ +cc
are shown left and candidates of the decay Q™ — AK™ + cc are presented right. The candidates
are reconstructed from three long-tracks each.

Using LHCD simulation, the HLT?2 trigger lines are estimated to reconstruct these
multi-strange particles via their outlined decays with an efficiency of 9.2% for =~ and
4.5 % for (2~ within LHCb acceptance. Since the implementation of A reconstruction
is equal in both trigger lines, the difference in efficiency likely stems from the different
kinematic properties of the 7~ and K™ candidates. It is also possible that the different
mean lifetimes and masses of the =~ and (2™ baryons play a role here. However, no
further studies nor optimizations have been performed.

5.3 Contributions to analysis preservation

As highlighted in Sec. the standardized preservation of measurements in machine-
readable format within the HEPData and RIVET frameworks is essential for the im-
provement of hadronic interaction models. In this context, the author contributed
by expanding the available analyses and datasets, making them accessible for future
studies and model tuning. The preservation of analyses is additionally motivated via
the collaborative research centre SFB 1491 of the German Research Foundations, which
the author is associated to. Within this collaborative research centre, multiple projects
spanning astrophysics, astroparticle physics, particle physics and plasma physics are
integrated with the overarching goal of creating a unifying view on cosmic interacting
matter. In two of these subprojects, a focus on hadronic interactions within particle
and astroparticle is set, requiring the development of additional RIVET plugins as a
step towards global tuning.

As an initial step, the author developed both the HEPData entry and corresponding
RIVET plugin for the LHCb measurement of prompt charged particle production
in proton-proton collision at /s = 13 TeV [128]. The analysis was performed by
Dr. habil. Hans Dembinski and Dr. Julian Boelhauve, who were working together
with the author in the same working group at TU Dortmund University. During the
development, Hans Dembinski consulted the author, resulting in the RIVET plugin
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published in Ref. [[129]. Following this publication, the author was requested by the
LHCD simulation group to provide documentation for future plugins, resulting in the
guide available in Ref. [[130]. This guide was later extended by Julian Boelhauve,
who was then a doctoral student at TU Dortmund University, based on the improved
understanding of the frameworks gained from the additional projects listed below.

Following the successful development of the RIVET plugin, Julian Boelhauve and the
author identified six additional measurements providing relevant information on the
hadronic interaction in the atmosphere. It was also ensured that these analyses align
with the priorities and needs of the RIVET team. These measurements can be divided
into three groups concerning beauty, charm, and charged particle production. The
measurements concerning beauty production include the measurement of beauty quark
production cross-sections in 7 and 13 TeV proton-proton collisions [131], the beauty
hadron production in 8.16 TeV proton-lead collision [[132], and the beauty-hadron
fractions in 13 TeV proton-proton collisions [133]. The measurements concerning
charm production include J4/ production in proton-lead collisions [134] and prompt D°
production in proton-proton and proton-lead collisions [135]. The final measurement is
regarding the prompt charged particle production in 5 TeV proton-proton and proton-
lead collisions [[136]. For five out of six measurements, no RIVET plugin existed, while
a HEPData entry was missing for three of the six measurements.

The preservation of the above-mentioned measurements was performed in the
context of two summer-student projects. Within these projects, Julian Boelhauve and
the author supervised Gino Daniels and Joshua Friedman from Purdue University.
The summer students prepared first drafts of the RIVET plugins and, where required,
HEPData entries. Julian Boelhauve and the author subsequently took care of the review
processes until their final publication in Ref. [[137-144].
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6 Summary and outlook

In this thesis, the production of strange hadrons is studied in proton-helium and proton-
neon collisions. The data were collected at the LHCb experiment at a nucleon-nucleon
centre-of-mass energy of /sy = 110 GeV using the SMOG system. Differential cross-

section ratios of V? particles (K2, A and Z) to charged pions (7" and 7~) are measured as
functions of centre-of-mass rapidity and transverse momentum. In order to investigate
strangeness enhancement as a potential solution to the Muon Puzzle, the analysis is
additionally performed in intervals of multiplicity. In doing so, the work presented in
this thesis is the first measurement of multiplicity-dependent strangeness production
using the SMOG system.

To perform the measurement and enable its extension to multiplicity-dependent
observables, a dedicated analysis strategy is developed. A comprehensive procedure is
employed to determine intervals of average multiplicity via a mapping of long tracks
to promptly produced particles in dedicated calibration and measurement ranges.
The cross-section ratios are determined using efficiency-corrected yields of promptly
produced V? particles and pions. V° particles are reconstructed, and their yields
determined from invariant mass fits. The V° yield is corrected for reconstruction
and selection efficiencies. A calibration measurement using 13 TeV proton-proton
collisions performed by the LHCb Tracking Group is used to account for known
differences in data and simulation. This calibration is a leading source of uncertainty,
exceeding 8 % in a number of kinematic intervals. Promptly produced charged pions
are selected using tracking- and PID information, and their yields are extracted via
template fits. They are again corrected for reconstruction and selection efficiencies,
with the PID efficiency determined using data-driven methods. This constitutes the
second-largest source of uncertainty, exceeding the uncertainty from the calibration
procedure in certain kinematic regions. For all particles, backgrounds have been
estimated using the simulated samples. The resulting double-differential cross-section
ratios are compared to three state-of-the-art hadronic event generators, EPOS-LHC,
SIBYLL-2.3d, and QGSJet-II-04, none of which were able to consistently reproduce
the measured observables within its uncertainties.

For the comparison with the findings of the ALICE collaboration, the multiplicity-
dependent measurement is integrated with respect to transverse momentum, resulting
in a single-differential observable in average multiplicity. Significant, multiplicity
dependent strangeness production is observed for neither Ks0 mesons nor A and A
baryons. For the Muon Puzzle, this implies that strangeness enhancement at a nucleon-
nucleon centre-of-mass energy of 110 GeV is unlikely to account for the observed
muon excess in air showers.
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Once this measurement is published, it can be preserved in both the HEPData and
RIVET frameworks, complementing the author’s previously published entries and
plugins. Making the results publicly available within these frameworks would enhance
both visibility and impact of this measurement. This measurement could then be
extended to other SMOG datasets, thus providing the observables for different beam-
energies and targets. Adapting this analysis to the newly obtained SMOG2 samples
would be of particular interest. With the increased available statistics, the calibration
measurement could be directly performed on SMOG data, thus potentially reducing
the overall uncertainties. In addition, luminosity can be precisely determined for the
SMOG?2 samples, enabling the measurement of total differential cross-sections. Lastly,
the HLT2 lines developed by the author could be employed to study the multiplicity
dependent production of multi-strange particles in SMOG2, which are expected to rise
more steeply as a function of multiplicity.

Although no significant strangeness enhancement is observed, the measurement
provides important inputs for the tuning of event generators, which are particularly
relevant for the modelling of cosmic-ray propagation in Earth’s atmosphere. The
outlined future opportunities promise to further enhance both the precision and impact
of similar measurements, providing important inputs for hadronic interaction models
and a deeper understanding of strangeness production across different energies and
collision systems.
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A.1 Definition of long-lived particles

Table A.1 - List of long-lived particles (r > 30 ps) as described in Ref [145].

particle charge 7/ ps

e -1 00
I -1 2.197 - 10°
gluon 0 00
Y 0 0
K 0 51143
xt +1 26033
K? 0 89.5
Kt +1 12379
n 0 8.794 - 1014
p +1 00
b -1 147.9
A 0 263.2
Xt +1 80.2
=T -1 163.7
0 0 290.0

(P -1 82.1
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A.2 Software

Apart from the ROOT [146] and LHCb [147, |148] software frameworks used in the
initial steps in the analysis, the corresponding code to this analysis is entirely written
in the PyTHON programming language. The following packages, including standard
scientific packages and high-energy-physics-specific packages from the ScikiT-HEP
project [[149], are used:
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Numpy [150]]: general-purpose array-processing package

PANDAS [151,/152]: data structures

MATPLOTLIB [153]: plotting library

CHROMO [|125]: interface to hadronic-interaction models

JACOBI [154]: fast numerical derivatives and propagation of uncertainty
NUMBA [155]]: just-in-time compiler for PyTHON code

NUMBA-STATS [[156]]: NUMBA-accelerated implementations of statistical distribu-
tions

SCIKIT-LEARN [157]]: machine-learning tools

SciPy [158]: statistical distributions and interpolation routines

SNAKEMAKE [159]: workflow engine

SymPy [160]: computer algebra system

XGBoosT [120]: optimised gradient-boosted decision trees

AWKWARD ARRAY [161]]: operations on nested variable-length arrays
BOOST-HISTOGRAM [162]: multidimensional histograms and profiles

IMINUIT [163]]: fitting statistical models

PARTICLE [164]: Particle Data Group tables and Monte Carlo particle numbers
UPROOT [[165]]: reader and writer of ROOT file format in pure PyTHON

VECTOR [166]] JIT-compilable mathematical manipulations of ragged Lorentz
vectors

POETRY [167]: virtual environment management



A.3 Description of two body decays

A.3 Description of two body decays

The two-body V° decay into two Charged partlcles can be fully described using the
position of the primary vertex PV, the p051t10ns r, and 7, of the charged particle
trajectories, and the momentum vectors p; and p, of the charged particles at 7, and 7, ry-
Due to translation invariance, the coordinate system can be chosen such as PV =0.
Using the assumption that tracks are straight lines and that the momentum does not
change, the vectors 7 can be replaced by the vectors g, which are orthogonal to p:

G=7-—p. (A1)

By also assuming rotation symmetry, the number of independent variables can be
further reduced. This is done by computing rotation invariant quantities, which are, in
3D space, scalars and pseudo-scalars. The full set of variables is given by all pairs and

triplets from {p;, p»., Gy, go}:

bij = i pj (A-2)
Qj =G pj (A3)
G =G q; (A4)
A= G- (py % pa) (A.5)
B; = p; - (G1 X G2, (A.6)

with i,j € {1,2}. Out of these, only the following seven are independent: p;;, p;s,
22> Q12, Qo15 Ay, and A,. These variables can then be used to construct six geometric
variables, which can be interpreted as physical quantities. To simplify the notation of
these variables, the term N% = p;; pyy — pfz is defined. The first three variables are
the distance of closest approach between the V° decay products, D, the distance of the
primary vertex to the event plane, S, and the in-plane distance impact-parameter of
the V° to the primary vertex, L

A —A
D= M (A7)
N
A+ A
_ At A (A.8)
N
I— | P22Q21 — 11012 | (A.9)

Nyp11 + pap + 2P12’

which are ideally close to zero. The remaining variables are the in-plane squared
impact parameters of the tracks from the primary vertex, I;; and I,,, and a variable
containing the information to the flight-distance not covered by the other variables,
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I,5, which are all sensitive to non-zero lifetimes:

2
pllle

2
12205,
12021912

The seventh and final independent variable would be the invariant mass of the V°
candidate. However, this variable is excluded from the BDT training to avoid trivial
discrimination based solely on mass.
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A.4 BDT input variables

A.4 BDT input variables

The geometric input variables are shown for A and A particles for the p-He simulated
sample.

0.08
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¢ Background
; 11 0.04 1
0.04 1 i ¢ “
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Figure A.1 - Distribution of BDT input variables for A — pn~ candidates in the p-He simulation

sample. Here, signal refers to prompt A particles, whereas background refers to everything
else.
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Figure A.2 - Distribution of BDT input variables for A — pz* candidates in the p-He simulation
sample. Here, signal refers to prompt A particles, whereas background refers to everything
else.

A.5 Tracking efficiency correction for the 2017
samples

In this section, the tracking efficiency correction corresponding to the p-Ne 2017
samples are presented.

Long efficiency ratio

1.020
4.54 l 1.015
il (0¥99629/5) (059966045 (08999397 1701'573; r1.010

4.01 = 008 105001164257, 1050004 84605) = 0000480008 +10%0011/0221"
+1.005
- 3.51 +1.000
+0.995
0.982468 (059955672 (0%99574'5] (05994305} 0.975175 0.990

+ 0.00250501 1070005723 0780000358029 105000679447} + 0.00751289
0.985
0.980

104 10°
p[MeV/c]

Figure A.3 - Map of correction factors to account for discrepancies between real and simulated
samples for 2017 data-taking conditions. The values are provided by the Tracking Group [123],
using the procedure described in Ref. [118].
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A.5 Tracking efficiency correction for the 2017 samples
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Figure A.4 - Tracking correction for K{ — n* 7~ decays for the p-Ne simulated sample. The
bars and boxes represent the statistical and systematic uncertainty, respectively. The grey
dashed line serves as a visual guide, indicating the value of 1.
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Figure A.5 - Tracking correction for A — pz~ decays for the p-Ne simulated sample. The bars
and boxes represent the statistical and systematic uncertainty, respectively. The grey dashed
line serves as a visual guide, indicating the value of 1.
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Figure A.6 — Tracking correction for A> pr* decays for the p-Ne simulated sample. The bars
and boxes represent the statistical and systematic uncertainty, respectively. The grey dashed
line serves as a visual guide, indicating the value of 1.
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Figure A.7 — Tracking correction for prompt 7~ particles for the p-Ne simulated sample. The
bars and boxes represent the statistical and systematic uncertainty, respectively. The grey
dashed line serves as a visual guide, indicating the value of 1.
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A.6 Results obtained from the proton-neon samples

A.6 Results obtained from the proton-neon samples

A.6.1 Cross-section ratios of K to charged pions

In this section, the differential cross-section ratios Ks0 /(" + 77) obtained from the
p-Ne dataset are presented as a function of y* and pr, and are illustrated in Fig.
As observed previously in Sec. the measurement is systematically dominated. For
most intervals, the systematic uncertainties range from 4 to 12 %, while the statistical
uncertainties remain below 3 %. Overall, the generators tend to overestimate the
ratio across most kinematic intervals, while the general trends are best reproduced
by EPOS-LHC. The predictions by EPOS-LHC and QGSJet-II-04 mimic those discussed
in Sec. The ratio as predicted by EPOS-LHC starts lower than that from QGSJet-
II-04 and rises more steeply until around 1 GeV/c, after which the slope flattens. This
aligns well with the trends observed in data. In contrast, QGSJet-II-04 start off higher
at low pr and continuously increase, with no noticeable reduction in slope towards
higher py. Again, there exist a few intervals in which predictions by either EPOS-LHC
or QGSJet-II-04 are compatible with the measurement within uncertainties.

The ratios as a function of pr and (N,) are presented in Fig. Again, similar
observations to those reported in Sec. are made. For most intervals, the systematic
uncertainties range from 5 to 15 %, while the statistical uncertainties remain below
3 %. At both low and high pr, the overall trends are described well by the generators.
At low pr, both EPOS-LHC and QGSJet-II-04 overestimate the ratio. For high py
however, the predictions of EPOS-LHC are within the uncertainties of the measurement,
while QGSJet-II-04 overestimates the ratio again. At mid pr, the overall trends as
observed by the generator predictions do not agree with the measurement; again,
the measured ratio rises as a function of multiplicity, while both generators predict
a slightly decreasing ratio. Towards high multiplicity, both generator predictions
are within the uncertainties of the measurement, while they overestimate it for low
multiplicity.
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Figure A.8 - Differential cross-section ratios of K{ particles to charged pions, 7~ and 77, in
intervals of y* and py for the p-Ne 2017 dataset. The black points show the measured ratios,
and coloured lines correspond to the predictions of different event generators. The bars and
boxes represent the statistical and systematic uncertainty, respectively. The relative deviation
of the models to the measured ratio is given in the lower part of each plot.
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Figure A.9 - Differential cross-section ratios of K particles to charged pions, 7~ and #*, in
intervals of pr and (N, for the p-Ne 2017 dataset. The black points show the measured ratios,
and coloured lines correspond to the predictions of different event generators. The bars and
boxes represent the statistical and systematic uncertainty, respectively. The relative deviation
of the models to the measured ratio is given in the lower part of each plot.
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A.6.2 Cross-section ratios of / and A to charged pions

In this section, the differential cross-section ratios (A+ /1) /(x* +77) derived from the p-
Ne dataset are presented. The ratios in intervals in y* and py are presented in Fig.
For this ratio, systematic uncertainties dominate the measurement. For most intervals,
the systematic uncertainties range from 5 to 13 %, with the uncertainty increasing
towards the kinematic edges. The statistical uncertainties range between 5 to 12 % for
the majority of intervals, again increasing towards the kinematic edges. Overall, the
ratios are increasing as a function of transverse momentum, a trend predicted by both
EPOS-LHC and QGSJet-II-04. Again, the predictions mainly differ in the predicted
slope towards high pr; the ratio predicted by QGSJet-II-04 exhibits a steeper slope
towards higher pr, while the slope predicted by EPOS-LHC is decreasing. The slope is
described best by QGSJet-II-04, although the predictions tend to slightly overestimate
the ratio.

The differential cross-section ratio in intervals of pr and (Ng,) is presented in
Fig. Again, the ratios are systematically dominated. For most intervals, the
systematic uncertainties range from 5 to 17 %, with the uncertainty increasing towards
the kinematic edges. The statistical uncertainties range between 2 to 12 % for the
majority of intervals, again increasing towards the kinematic edges. For low pr, the
ratio is decreasing as a function of multiplicity which is well reproduced by both
generators. At mid py, the measured ratio is slightly rising as a function of multiplicity,
followed by a subsequent decrease. However, due to the large uncertainties, this trend
is not significant. The generators predict either a slightly increasing or decreasing
ratio, but underestimate it overall. At high py, the measured ratio is again slightly
increasing as a function of multiplicity. Again, this increase is not significant due to
the large uncertainties. Although QGSJet-II-04 predicts a slightly decreasing ratio, it
remains compatible with the measurement within the uncertainties, while EPOS-LHC
underestimates the ratio.
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Figure A.10 - Differential cross-section ratios of A and A to charged pions, 7~ and 77, in
intervals of y* and py for the p-Ne 2017 dataset. The black points show the measured ratios,
and coloured lines correspond to the predictions of different event generators. The bars and
boxes represent the statistical and systematic uncertainty, respectively. The relative deviation
of the models to the measured ratio is given in the lower part of each plot.
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Figure A.11 - Differential cross-section ratios of A and A particles to charged pions, 7~ and
7", in intervals of pr and (N, ) for the p-Ne 2017 dataset. The black points show the measured
ratios, and coloured lines correspond to the predictions of different event generators. The
bars and boxes represent the statistical and systematic uncertainty, respectively. The relative

deviation of the models to the measured ratio is given in the lower part of each plot.
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