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Abstract

Fixed target experiments in particle physics provide the possibility of reaching a large
number of particle collisions, allowing precise measurements of physics observables. CERN
hosts a variety of fixed target experiments that aim at high-precision measurements, few of
them located in the so-called North Area. These experiments make use of the 400 GeV /c
proton beam extracted from the SPS that is led to collide on a target head to produce
diverse particle species. Among these experiments there is NA62 that aims at measuring
ultra rare decays (mainly K — 7tvw) to a high precision (10% for Kt — 7Twvv) in
order to challenge the Standard Model and conduct searches for new particles. In the
case of NA62, the primary protons coming from the SPS are transported via a series of
transfer lines to the P42 beam line, which guides the beam to the T10 beryllium target
that generates a secondary beam. A 75 GeV/c positive particle component of the beam is
selected by the K12 beam line; it contains about 6% of positive kaons that are afterwards
transported to the NA62 experiment. Such a high precision experiment requires detailed
Monte Carlo simulation models for understanding the beam and characterisation of the
background. These models have been created and are studied within this thesis. The
software tools used for the development are BDSIM, FLUKA and MADX. It is shown
in particular that the beam in K12 can be simulated to a very high detail in BDSIM
and FLUKA reaching an overall agreement with data within 1%. The BDSIM model is
used to study background for muons generated along the beam line, showing satisfactory
agreement with data for a large part of the spectrum. Finally, the FLUKA model is
used to show that the background produced by particle interactions with the residual gas
present in the vacuum tank is negligible. Besides NA62, more high-intensity experiments

are currently being considered to take place in the P42 and K12 beam lines in future.



These are KLEVER, NA62-HIGH-INTENSITY, NA62-BEAM-DUMP and SHADOWS.
The nature of these experiments is quite diverse and they all cover different physics topics,
including Standard Model investigation and dark matter searches. Feasibility and char-
acterisation studies for the beam lines of these experiments are carried out and presented
in this thesis. In particular, it’s shown in this thesis how the KLEVER beam line can be
optimised regarding the radiation levels, calculated in FLUKA, outside the experimental
hall. Studies on the P42 beam line in MADX and AppLE.py show that the current in-
tensity for K12 can be increased using a target bypass technique useful for KLEVER and
NAG62-HIGH-INTENSITY. Finally, an NA62-BEAM-DUMP model is created in BDSIM
and benchmarked to data for muon background characterisation. The same model is used
for studies on the background reduction for SHADOWS that show first proof of feasibility

of the experiment with the existing beam line design.
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Chapter

Introduction

High-energy physics is the branch of physics that studies the smallest components of mat-
ter. The developments of this branch led to the discoveries of elementary particles that
are understood to be the building blocks of the universe. These particles are described in
the so called Standard Model (SM) that calculates and predicts most of their properties.
The European Organization for Nuclear Research (CERN) has played a main role in this
field and here were discovered several particles and properties of the SM. CERN hosts the
Large Hadron Collider (LHC) that is currently the biggest accelerator on Earth and has

a vibrant and wide research spectrum.

This thesis was fully developed at CERN within the EA-LE section (Experimental Areas
and Liason with Experiments) that collaborates with Royal Holloway, University of Lon-
don and the John Adams Institute. The work laid out here is experimental and mainly

focused on simulation models production, their analysis and comparison to data.

The EA-LE section is in charge of several CERN experimental areas and facilities to which
it also provides technical support. It is in particular responsible for the design, mainte-
nance and operation of the secondary beams (beams that are downstream of the primary
targets), as well as of irradiation or test facilities in the CERN accelerator complex. Among
the experiments located in the experimental areas there is the NA62 experiment [1] that is
an experiment focused on rare kaon decays. The physics of kaons is particularly interesting
for searches within the SM and beyond. One of the milestones reached in kaon physics is

the proof of CP violation in 1964.
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NAG62 is located in one of the experimental areas at CERN (North Area) on the K12
beam line managed by EA-LE and it is currently one of the highest-intensity kaon beams
in the world. The goal of the experiment is to do testing of the Standard Model via

Tyv. The experiment managed to measure

measurements of the rare kaon decay K+ — 7
for the first time in 2018 this very rare decay that has a theoretical branching ratio of

1.7 x 10710 [2].

Several upgrades of the NA62 experiment are being considered within the Physics Beyond
Colliders study (PBC) [3]. The PBC program aims at investigating the most important
open questions in particle physics, exploiting the full infrastructure of CERN through
projects that are complementary to high-energy colliders. A study group was founded
within the PBC, the Conventional Beams Working Group (CBWG), in order to study
potential new experiments at the CERN experimental areas. This study group is in part
dedicated to studies on the future of the K12 beam line, where NA62 is currently lo-
cated. These studies are diverse and include experiments in search for dark matter, such
as NA62 Beam Dump (NA62-BD) and Search for Hidden And Dark Objects With the
SPS (SHADOWS), studies on neutral kaons like KLEVER [4] and a possible adaptation
of NA62 and its beam line to allow it to run at substantially higher intensities (called

NA62-High-Intensity, NA62-HI, or NA62x4) [5].

The simulations developed in this thesis aim to study the various kind of backgrounds
that are expected on the K12 beam line for: NA62, NA62-BD, SHADOWS, KLEVER
and NAG62-HI. The feasibility of some of the new experiments within PBC will also be
investigated. The work includes the quantification of radiation outside the experimental
hall and shielding requirements. These studies are carried out keeping an active interface

with the relevant experimental groups.

An overview of the relevant particle physics is discussed in the next chapter with a focus
on kaon physics. In Chapter 3| an overview of the applicable accelerator physics concepts
is given. In Chapter [ the various experiments that are studied for this thesis are de-
scribed in detail. Chapter [5] gives an overview of the simulation tools used for the various

applications. Chapter [6] is dedicated to studies for collimators in experimental areas that
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are useful also for secondary beams. In Chapters [7] and [§] the technical work done for the
experiments and the simulations is explained in detail. Finally, Chapter []gives an outlook

and summarises all the results of the thesis.
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Chapter

Particle and Kaon Physics

This chapter introduces some general concepts of particle physics and focuses on the
physics of kaons. At the end of the chapter there is a short overview of the topic of dark

matter, which is a relevant subject for a part of the studies presented in this thesis.

2.1 Standard Model Overview

The Standard Model (SM) of particle physics is a theory that describes the known ele-
mentary particles and their interactions. The SM is a quantum field theory (QFT) that
combines quantum physics with relativity. All the particles in the SM are considered as
excited quantum states which are characterised by their quantum numbers. Every particle
interacts via up to three main forces: electromagnetic, weak and strong interaction. The
Higgs mechanism, that explains the origin of elementary particle’s mass via spontaneous
symmetry breaking, is also described in the SM [6]. Particles of the Standard Model
are divided into two main classes according to their spin (intrinsic angular momentum):
bosons (with integer spin) and fermions (with half-integer spin). Fermions obey the Pauli
Exclusion Principle that states that two identical fermions in the same system cannot oc-
cupy the same quantum state. There are currently twelve known fermions (six quarks and
six leptons) and thirteen bosons (7, two W-bosons, Z, eight gluons and the Higgs) in the
SM, a schematic of these particles is shown in Figure The Dirac equation shows that
a charged massive fermion has an antiparticle of the same mass and spin, but opposite
charge, and opposite magnetic moment relative to the direction of the spin. Leptons and
quarks have spin %, in units of & (that is the Planck constant divided by 27). Charged

leptons can interact only through the electromagnetic and the weak interactions. Various

25
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Figure 2.1: Currently known SM particles. The fermions are listed on the first three
columns, with the bosons on the right [7].

experiments in the field of particle physics led to the conclusion that a charged lepton of
certain type or flavour (e,u,7) can change via an interaction only to another of the same
type and a lepton and an anti-lepton of the same type can only be created or destroyed
together [7]. This effect is known as lepton number conservation. Quarks interact through
the electromagnetic, weak and also through the strong interaction. Quarks have a colour
charge in the strong interaction that can be seen as the analogue of the electric charge for
electromagnetism. The number of different types (flavours) of quark are not separately
conserved, indeed flavour changes are possible through the weak interaction. The most
elementary bound systems of quarks are baryons which are composed of three quarks (or
anti-quarks) and mesons which are composed of a quark and an anti-quark. The protons
and neutrons are baryons.

Bosons are the mediators of the forces described by the SM. The electromagnetic in-
teraction is mediated via the photon, the weak interaction is mediated via the W and
the Z bosons and the strong interaction is mediated via the gluons. SM interactions
are usually described via the Standard Model Lagrangian that has internal symmetry
SU(3) x SU(2) x U(1). The processes in the SM are usually represented via Feynman
diagrams that help in their visualisation and are very useful tools in the calculation of mea-
surable quantities such as cross-sections, which quantify the probability of interaction, and

decay rates, which quantify the probability of decay. See an example of a Feynman dia-
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gram in Figure [8].

- +
e

Figure 2.2: Annihilation process of an electron and its antiparticle, the positron, into a
gamma that generates two muons [8].

The predictions of the SM have been largely verified in experiments worldwide, neverthe-
less this model in not complete. For example, it does not include the gravitational force
and has 19 free parameters that cannot be predicted theoretically. It does not explain
baryon asymmetry nor does it account for the accelerating expansion of the Universe, an
effect that could be described with the introduction of dark energy. The model does not
contain dark matter particles that satisfy the required properties deduced from observa-
tional cosmology. Finally it does not incorporate neutrino oscillations and their non-zero

masses.

2.2 Physics Symmetries

In this section some relevant quantum operators are introduced. These operators will help
to describe the quantum states of kaons (discussed in more detail later in this chapter).
Conservation laws in a quantum process regulate the possibility of a state transforming into
another state (collision or decay); these are expressed in terms of the quantum numbers of
those states. State transformations can be represented via the application of a quantum
operator, ), that leads from an initial state |i) to a final state |f), |f) = @l¢). In this
section three operators are discussed: P, C and T'. The parity operation P when applied

to a certain state, inverts the three spatial coordinates. A state has a well-defined parity
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2.3. Weak Interaction and CKM matrix

only if it has a defined eigenvalue under the application of the operator P. This means:

Ply) =ply), with p==£1 (2.1)

The state of vacuum falls into this category and its parity is set positive by definition.
The eigenvalue p of P is called intrinsic parity (or parity), which can be either positive
(p = 1) or negative (p = —1). The parity of the proton is assumed positive by convention
and the parities of the other fermions are given relative to this. The charge conjugation
operator (C') acting on one particle state changes this particle into its antiparticle, leaving
the other properties unchanged. This means that the sign of all the additive quantum
numbers such as electric charge, baryon number and lepton flavour are changed under a
C transformation [9]. The time reversal operator, T', inverts the time leaving the spatial
coordinates unchanged. Studies of symmetries and experimental results show that all

phenomena in quantum field theory are invariant under C'PT transformation [10].

2.3 Weak Interaction and CKM matrix

In the present section the CKM matrix is introduced, which is an important component
for this thesis and is highly relevant for kaon decays.

In 1963 Cabibbo introduced a mathematical formalism to explain the transformation be-
tween strong states and weak states [11]. The two bases (for each representation) are
connected by a unitary transformation (matrix) introduced by Cabibbo that for the (d, s)

doublet can be represented as:

d Vid Vs d
- (2.2)

s’ Vea Vs s

The generalisation to three quark families was done by M. Kobayashi and K. Maskawa in

1973 [12).
d Vud  Vus Vb d
s 1= Ve Ves Vi s (2.3)
v Via Vis Vi b
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2.3. Weak Interaction and CKM matrix

For these reasons, this matrix is nowadays called the Cabibbo-Kobayashi-Maskawa (CKM)
matrix and the unitarity condition means that has to satisfy:

Ve V.,

ckm

=1 (2.4)

The CKM matrix determines the probability of transition from a quark state ¢ into another
state j. These transitions are proportional to the matrix elements ]Vij|2. This matrix is
a complex unitary matrix, and has therefore nine real degrees of freedom. It is possible
to show that these nine parameters are interdependent and can be reduced to four: three
angles and one phase. These angles can be named 612, 023 and 3 representing the
rotations in the flavour space, and the phase §. Using this formalism the CKM matrix

can be rewritten as:

c12€13 512€13 s1ze”"
— '5 6
Vaam = | —s12c23 — 128235136 c1aca3 — S12893513€" 523C13 (2.5)
B s B is
512823 — C12C23513¢€ C12523 — 512€23513€"°  €23C13

Where ¢;; = cost;; and s;; = sin6;;. This parametrisation is usually called “standard
parametrisation”. Its coefficients have been experimentally measured to be: 612 = (13.02+
0.04)° , O3 = (2.36 = 0.08)° , #13 = (0.20 + 0.02)° and § = (69 £ 5)° [13]. All the
rotation angles are comparably small, hence, the CKM matrix is approximately diagonal.
Assuming that #o3 and 613 are equal to zero, the largest angle, 65, is responsible for the
flavour mixing. If sin(f2) is fixed to be equal to a parameter A the CKM matrix can be

rewritten as:

Vam| = | =X 1-2 A2 (2.6)

This is known as the Wolfenstein parametrisation. In the SM, the CKM matrix is unitary
by construction. If a fourth generation (another quark type) was discovered, the CKM
matrix would not need to be unitary within the three generations. This means that testing
the CKM matrix for unitarity assuming three generations is a way to indirectly look for
physics beyond the Standard Model. In practice, what is done by the experiments is to
measure all the CKM elements separately (independently) to check if unitarity holds. The
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2.4. Kaons

current best measured values are [13]:

Vid Vs Vi 0.97 +0.0001  0.22 +0.001  0.039 & 0.0004
Vg Vs Voo | = 0.23 +0.01 1.02+0.04  0.0041 + 0.001 (2.7)
Via Vis Vi 0.0084 £ 0.0006 0.039 +0.002  0.88 + 0.07

These values can be determined in different ways, for example by measuring the semi-
leptonic decay rates of hadrons (such as kaons) of different flavours such as: beauty,
charm and strangeness. A convenient and commonly used representation of the CKM
elements is attained via the so-called unitarity triangle. Unitarity implies that the rows
of the CKM matrix are orthonormal, as well as the columns. That can be expressed as:
> ; VijVii = 6 for any i and k [6]. The constraints given by the unitarity conditions
can be represented as a closed triangle in the complex plane, as shown in Figure The

Vid Vf;:
Vua 'V, h

b
&
Ved Vep

-
ch

Figure 2.3: Representation of the CKM-matrix unitarity via a triangle. One side of the
triangle is normalised to unity and the others are related to the CKM matrix elements V;;.
The angles of the triangle are independent and can be a sensitive probe to CP violation
processes [6].

lengths of the sides of the unitarity triangle are indicators of flavor mixing and the angles

of the triangle are sensitive to CP violation.

2.4 Kaons

This section introduces the particles named kaons. Historically, these particles were es-
sential in establishing the foundations of the Standard Model of particle physics. This
section begins with the description of the discovery of those particles moving on to what

are their main properties and their importance for the SM.
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2.4. Kaons

2.4.1 Kaons Discovery

In order to better understand the evolution of kaon physics the first observation of kaons is
introduced here. Cosmic rays that collide with the terrestrial atmosphere produce showers
of secondary particles. Leprince-Ringuet and L’Heritier, using a cloud chamber, measured
new components in the showers of cosmic rays in 1943 . These new components (par-
ticles) had a “strange” behaviour. They were produced in pairs and by “fast” strong
interactions, proven by the large cross section of the process, but they decayed with life-
times typical of weak interactions. For this reason they were called “strange particles”.
The physical interpretation of these particles was given independently by Nishijima
and by Gell-Mann . They introduced a new quantum number S, the “strangeness”,
which is an additive quantum number. Figure shows a kaon decay observed in a cloud

chamber. S'is conserved in strong and electromagnetic interactions while it is not in weak

Figure 2.4: Kaon decay in a cloud chamber [17].

ones. The production via strong interactions starting from an initial state with § = 0 it
is allowed only if two particles with opposite S are generated (in this case the two KUs).
Due to conservation of energy, kaons can decay only to lighter non-strange states, hence,
they are not allowed to decay strongly. It was later discovered that there are four kaons,
two neutrals, described in next section, and two charged. The two charged K mesons are

the K+ and its antiparticle, the K.
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2.4. Kaons

2.4.2 Kaon States

The K9 = d5 and KO = ds are generated in pairs via the strong interaction and are the
antiparticle of one other. These have respectively strangeness S = 1 and S = —1. The
fact that they are antiparticles means: CP|K?) = K0 and CP|K%) = K°. The K° and
KO can exchange into each other via virtual common decay modes: K° — 27 — K©
and K° — 37 — KO. These Ks are not CP eigenstates but can be CP eigenstates if
represented in the following basis:

|K1) = —=(|K°) 4 |KO)), CP=+1 (2.8)

Sl

1
V2

In order to characterise the eigenstates of these kaons, the 27 and 37 neutral systems can

|Ks) = —=(IK) — |KO)), CP=-1 (2.9)

be considered. The CP eigenvalue of a neutral 27 system is positive. Actually it can be

shown that:

CP(r°7% = [CP(x"))? = (-1)? = +1

CP(rTn)=C(rtn )P(nTn) = (=1)/(=1)! = +1

Where [ is the angular momentum of the state. As a consequence, if CP is conserved,
only the K;, with the eigenvalue CP = +1, can decay into 2w. For the 37w systems the

following relation is valid:

CP(r'7%7%) = [CP(x")]} = (-1)* = -1 (2.10)

+

The state 77T 7¥ is a bit more complicated but after some calculations it can be

proved that [9]:

CP(rtn 7%) = 1 (2.11)

These calculations show that if CP is conserved, only the CP state with eigenvalue
CP = —1, that is K5, can decay into 3 7. This means that if CP is conserved the allowed

decays are:
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2.4. Kaons

K1 —)271', K2—>37T. (212)

If CP was conserved, K7 and Ko would be states with definite mass and lifetime.
It will be shown in the next sections that CP is lightly violated, and that the states
that have definite mass and lifetime are the so-called “Kaon short” (Kg) and “Kaon
long” (K1) respectively. It is experimentally shown that the lifetime of the (Kaon short)
state decaying into 2, is approximately 580 times shorter than the lifetime of the (Kaon

long) state decaying into 37 [9).

2.4.3 Kaon Oscillation

In 1955 Gell-Mann and Pais 18] speculated that oscillations of strangeness should happen
for a pure K° beam. This means that starting with a K° beam, it should be possible

to observe a K9 component in the beam after a certain time 7. In order to prove this

o
0.08
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Figure 2.5: Probability function ¢ of oscillation in a kaon neutral system. This probability
is quantified via the charge asymmetry, namely the difference between the numbers of
observed K semi-leptonic decays and the number of K’ semi-leptonic decays [9].

assumption measurements for a beam of K’ had to be executed. In particular, to select
definite strangeness states, semi-leptonic decays have to be selected. In these processes
the difference between the strangeness of the kaons in the final and initial states is equal
to the difference of electric charge and are easy to observe since the decays have a large
branching ratio. Therefore, experimentally, the oscillation of kaons is measured via the
charge asymmetry, that is the difference between the numbers of observed K° — 7~ [Ty,

and KO — 7717 events. The difference between the probability of having a K and a
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KO can be calculated as a function called . This measurement was carried out at the
CERN PS accelerator [19]. The calculated § function and the relative data can be seen
in Figure 2.5 It was therefore proven that there is an oscillation within the beam as
predicted by theory. It can also be noticed that the function does not converge to 0 as it

should do if K% were CP eigenstates.

2.4.4 Kaon Regeneration

A final confirmation of the phenomenom of oscillation was given by the Pais-Piccioni ex-
periment [20]. This experiment used a beam of 7~ colliding on target to generate neutral
kaons K°. The KV state is represented as a superposition of K1 and K5. The K; compo-
nent decays mainly into 27 and does so at short distances, the Ko survives for longer times
and does not decay into 2w, provided CP is conserved. The 27 decays are observed im-
mediately after the target (the short-lived component disappears), leaving a beam of pure
long-lived kaons with half the initial intensity. If a second target is inserted, the surviving
neutral K mesons interact with the nuclei in this target by strong interactions. If this beam
interacts with the target material, then the K° and its antiparticle K© interact differently
with the nuclei. The K undergoes quasi-elastic scattering with nucleons, whereas its
antiparticle can create hyperons. Given the different interactions of the two components,
K9 and K9, the coherence between the particle states vanishes. The emerging beam then
contains different linear superpositions of the K° and K9. This kind of state (superpo-
sition) is a mixture of K; and Ks. This proves that the K; component is “regenerated”
by a neutral kaon beam passing through matter. This process, called ”"regeneration”, was

observed for the first time at Lawrence Berkeley National Laboratory [20].

2.4.5 CP Violation in Kaon Systems

In 1964 James Cronin, Val Fitch |21] and coworkers while working at the Brookhaven
National Laboratory proved that CP-symmetry could be broken. This discovery proved
that weak interactions violate the charge-conjugation symmetry C' that links a particle to
its antiparticle and the parity P, but also their combination C'P. The approach of the
experiment was to create a beam of K; and Ky decaying over a length of approximately
17 meters. For the properties discussed before: one of these components it is long lived
(K32), while the other is the short lived (K71). Short lived kaons decay quickly into two

pions while the long lived ones into three. Given these conditions at the end of the beam
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line, one would expect to see only decays from the K5 and therefore to detect three pions
decays only. The experiment found out that this is not always true, and proved that the Ko
particle decays into two pions (45 events detected out of the total 22700) as well, violating
the particle-antiparticle symmetry. This kind of CP violation was linked to the fact that
neutral kaons can oscillate into their antiparticles and vice-versa, but this transformation
does not occur with exactly the same probability in both directions, this is called indirect
CP violation. Summarising, the experiment shows that the two CP eigenstates K and

Ko are not the states with definite mass and lifetime. The latter can be written as:

Ks) = ——— (K1) + €[ K2)) (2.13)

V1 Je?

1
KL) = —F——=
V14 e?

The e parameter measures the small impurity of the imprecise CP conservation.

(€| K1) + |K2)) (2.14)

The Fitch and Cronin experiment was sensitive to the absolute value of this complex
parameter. Other searches on CP violation were conducted without any success before
the 1990s, when the NA31 experiment at CERN suggested a first evidence for CP violation
in the decay process of the neutral kaons (direct CP violation) confirmed afterwards by
the NA48 experiment [22] and KTeV at Fermilab [23]. CP violation is considered one of
the milestones of particle physics and represented at the time of its discovery a revolution
for the field. Nowadays the research program on kaons is still active and continues with a

main focus on rare kaon decays.

2.4.6 Rare Kaon Decays

Kaons have a relatively long lifetime because they decay only weakly. For this reason,
studies of their decays provide a useful probe of the weak interaction behaviour under the
three fundamental symmetry operators C'; P, and T'. One of the decay channels currently
studied is the K — mvv. The decay rate of this process caused by s — dvv quark flavor-
changing neutral currents (FCNC) can be calculated within the Standard Model to a high
precision. For this reason, this channel is also referred to as “golden”. It is reminded here
that flavour changing neutral currents are processes in which there is not charge exchange
but a flavour state change. In the Standard Model FCNC decays are forbidden at the tree

level because of the unitarity of the quark-mixing matrix. These processes can anyway
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happen via loop diagrams involving virtual quarks and intermediate bosons. Figure [2.6
shows the so called penguin and box loop diagrams that describe these processes within
the SM. In the SM, the decays K — wvv are “clean” processes that can be calculated to

a high precision. For the probability of the decay K™ — 77v7, the uncertainties in the
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Figure 2.6: One-loop diagrams of leading order contributions for the K — mvv decay in
the SM [24].

theoretical calculations do not exceed 5 to 7%. For the decay K, — 7’07 the uncertainties
are not above 2%.

From the previous arguments it is deduced that decays like K — wvv are strongly sup-
pressed and are therefore characterised by very small expected branching ratios (below
10719). Such an effect offers interesting prospects for seeking new effects beyond the
Standard Model. The Zds vertices in the diagrams in Figure [2.6| are determined by the
short-distance region around r ~ 1/My. Therefore, the decays K — mvv are sensitive
probes to the contribution of new heavy objects, which also happen at short distances.
It can be concluded that a comparison of experimental results with theoretical estimates
within the Standard Model would make it possible to search for direct manifestations of

new physics in these rare kaon decays [25].

2.5 Dark Matter

The term dark matter is used to describe a form of matter that has not yet been fully
understood and that cannot be observed since it does not seem to interact electromagnet-
ically. In 1933, Fritz Zwicky who studied galaxy clusters, confirmed previous observations
of an apparent missing portion of the mass of these clusters, called by Zwicky, “dunkle
Materie” (“dark matter”) [26]. Because dark matter has not yet been observed directly, if
it exists, it must rarely interact with ordinary matter, except through gravity. Most of the

hypothesised dark matter is not composed by baryons and it may be composed of some
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2.5. Dark Matter

undiscovered elementary particles . The primary candidate for dark matter is some
new kind of elementary particle that has not yet been discovered, such as WIMPs ,
heavy neutral leptons (HNL) and dark photons [29]. In the rest of the section these
dark matter candidates are described since they are relevant for some of the studies within

PBC.

2.5.1 Dark Photon

The dark photon is a hypothetical spin-1 boson and could be the carrier particle of a
new force. It would have properties similar to the photon and would also be described
by an abelian U(1) symmetry, but the strength of this force (¢’) would be very weak,
making it very difficult to be observed. The discovery of the dark photon could explain
the anomalous magnetic dipole moment of electromagnetism, where experiments show,
that the expected value for electrons, muons and tau lepton is about 0.1% off the value
calculated. This difference could be explained if a mixing between the photon and the
dark photon is assumed. Besides the effect on electromagnetism via mixing and possible
interactions with dark matter particles, a dark photon (if massive) can also play the role
of a dark matter candidate itself . Figure shows the regions covered by various

experiments for dark photon searches as a function of mass and coupling strength €.
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Figure 2.7: Regions explored by various experiments for dark photon mass in function of
the coupling strength €’ [30].
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2.5.2 Heavy Neutral Leptons

Other candidates for dark matter are sterile neutrinos (falling in the more general field of
heavy neutral leptons, HNLs). The Standard Model includes three types of neutrinos that
have left-handed chirality (meaning that the directions of spin and motion are opposite).
Sterile neutrinos on the other hand are hypothetical particles with right-handed chirality,
which means that the weak interaction would not affect them, so they only interact gravi-
tationally. Some particle physics theories support the existence of right-handed neutrinos;
this is given by the fact that all the other known fermions have both left and right chiral-
ity. These could explain the small neutrino masses given by the neutrino oscillation effect.
It is currently theorised that a mixing of standard and sterile neutrinos could lead to a
decay of a sterile neutrino into a standard neutrino and a photon or into three standard
neutrinos |31]. So far scientists are trying to estimate the range in which these processes
occur and currently these HNLs could have masses from below 1 eV up to 10" GeV, which
of course is not a very restrictive range. This is still a vast field to investigate and the

effort to search for HNLs has increased steadily in recent years [?].

2.5.3 WIMPs

The Weakly Interacting Massive Particles (WIMPs) are presented here; they are classic
candidates to explain dark matter. They are hypothetical particles, that would be subject
to a yet unknown fundamental force (or gravity) with a strength that is even lower than the
weak interaction. This definition leaves a vast series of possibilities to what these particles’
properties could be, how they behave and how many different types could exist. Because of
that, when looking for a WIMP it is necessary to search at all scales of mass, which cannot
be done with only one experiment. Several experiments over last 50 years have tried to
look for WIMPs without success. These experiments looked at decay products of these
WIMPs, coming from far away from earth like the Fermi-LAT [32] and VERITAS [33]; or
at interactions of WIMP with big surface detectors, like CRESST [34], SNOLAB [35] and
many others. From the recent results it would appear that the mass of a WIMP, in case
it existed should be quite high, meaning at least above 10 GeV and more likely even up

to several TeV [36].
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Chapter

Accelerator Physics

The development of particle physics is strongly linked to that of accelerator facilities,
that made possible the discovery of most of the elementary particles known nowadays.
Accelerator technologies are currently so complex that a new branch of physics is dedicated
to them, namely accelerator physics. In this chapter the concepts of accelerator physics
relevant for the thesis work are covered. Most of these concepts are linked to optics and
beam line elements that are used in beam lines in general and in secondary beam lines,

specifically.

3.1 Target and Secondary Beams

A primary beam (protons in the case of the CERN SPS) that interacts with a target
produces a secondary beam (see more about secondary beam lines at CERN in Chap-
ter . The properties of the target material are important for the production rate and
composition of the secondary particles. Every target in the secondary beam lines can serve
several beam lines (between one and three in the North Area). Inside each beam line, the
beam composition can be additionally modified via a number of methods, e.g. by placing

a secondary target downstream of which a lower-momentum tertiary beam is defined.

3.1.1 Target Properties

The 400 GeV/c high-intensity primary proton beam from the SPS is extracted at an in-
tensity on the primary targets between several 10'? and 1.5 x 10'® ppp (protons per pulse).
When this beam interacts with a target, the rate and composition of the secondary beam

depends on the length and material of it, as well as on the momentum and production
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3.1. Target and Secondary Beams

angle (angle between the primary and secondary beam axis) of the secondary beam. The
choice of the target material and length depends mainly on the nuclear interaction length
A7, the radiation length Xy and its thermal properties. The nuclear interaction length
quantifies the length scale over which the primary particles interact with the nuclei of
the material. It also describes the re-absorption through secondary interactions of the
secondary hadrons produced. The fraction of non-interacting particles (primary or sec-
ondary) decreases exponentially with the parameter A\;. The number of secondary hadrons

produced dNj, per length dL is parameterised approximately by Equation [3.1

N, L -t
@ _ & 1
L~ a° (3:-1)

If x is defined as x = L/A\; &~ L/Xo (true in the case of beryllium), where L is the length
of the target, the target efficiency er can be written as ep(L) = xe™® for hadrons and

2e7" for electrons or positrons. The target efficiency for hadrons is

approximately as x
therefore maximum when 65—; =0, or (x—1)e™® =0, hence z=1. It can be observed from
this equation that the maximum target efficiency for a beryllium target is e~! ~ 0.37 that
corresponds to approximately 40 c¢m of length. This is indeed the length chosen for the

T10 target in the NA62 experiment, see Figure [3.1

Figure 3.1: T10 target of the NA62 experiment in the North Area. It is composed of four
Beryllium rods for a total length of apporximately 40 cm.

3.1.2 Particle Production

Among the particles produced only those sufficiently stable can be transported along beam
lines, namely (anti-)protons, charged pions and kaons, electrons and positrons, muons and
the neutral particles Ky, Kg, A, neutrons and photons. Muons are mainly produced by

decays of pions and kaons, therefore downstream of the target. The production rates as
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3.1. Target and Secondary Beams

a function of momentum (for momenta above 60 GeV/c) and production angle have been
measured by the NA20 collaboration. Those data have also been parametrised in a useful

formula, called “Atherton parametrisation” [37], see Equations and

d’N B Br\ [ Cp? 2
+ _+ . — = —C(po)
For K=,7m5,p: dpdS) A<p06P0>< ¢ > (3.2)
2N B+1(p\?\ (CP* (oo
F : :A —_ — e (pe) .
or p ) ( . <p0> ( e > (3.3)

In these equations, p, pg and 0 are the secondary momentum, the primary beam momentum
and the incidence angle of the primary beam respectively. The parameters A, B and C

vary for different particles and can be found in Table This formula is precise to

Particle Type A B C
7wt 0.80 115 5

T 016 85 5

K™t 1.2 95 3

K~ 0.10 13.0 3.5
D 0.06 16.0 3.0
p 0.80 -0.6 3.5

Table 3.1: A,B and C parameters for different particles in the Atherton formula.

a few percent for North Area energies, except if used in the very low momenta regions
(below 60 GeV/c). In the region below 60 GeV/c the so called Malensek parametrisation
is used instead [38]. The flux for various particles can be plotted at different momenta as

shown in Figure [3.2] For electrons the parameterisation follows a complex pattern since
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Figure 3.2: Flux calculated for various particles using the Atherton formula at 0 mrad
production angle. The flux plots on the negative axis are for the antiparticles. The primary
incident beam is a 400 GeV /c proton beam.
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they are produced by different processes (mainly 7° decays) and afterwards multiply in
electromagnetic showers. A fit of simulations and data from the H3 beam line (a CERN

secondary beam line) show that the production rate of electrons can be expressed via

Equation [3.4]
d’N B _Bp\ [ Cp? 2
— A P P 70 —C(p@) 34
dpdS} (poe 0>< T C (34)

With A =0.0023, B = 10.0 and C = 9.0 [39].

3.2 Magnets

The motion of particles within magnets (as in general for electromagnetic fields) is de-

scribed by the Lorentz force Fr, given by the relation:
Fr, =q(E+vx B) (3.5)

Where F is the electric field, v the velocity of the particle and B is the magnetic field. For
high-energy particles, the absolute value of the velocity, v, is close to the speed of light and
for this reason the contribution to the force of the second term (v x B) is the dominating
one. This is why magnetic fields are used in accelerators, rather than electric fields. There
are different types of magnets, categorised by the number of poles: dipoles, quadrupoles,
sextupoles, and so on [40]. Not all these magnets are used in secondary beam lines, with
dipoles (also called bending magnets) and quadrupoles being the most common ones. In
this section only non-permanent magnets will be discussed, these are magnetised with the
use of coils wrapped around their yokes.

The concepts presented here can be extended to superconducting magnets; these are not
commonly used as secondary beam line elements and hence will not be covered in detail

in this chapter.

3.3 Multipole Magnets

In accelerator physics a three-dimensional field is usually described with the zy components
in the transverse plane relative to the beam and the z component in the longitudinal one,
this convention is used in this thesis as well. A magnetic field B = (B,, By, B;) with

constant B, and described in a xy complex plane via Equation satisfies Maxwell’s
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3.3. Multipole Magnets

Figure 3.3: Magnetic fields in the transverse plane for multipole magnets .

equations.

By +iBy =Y Cn(z+iy)"" (3.6)

n=1
Fields of this form are known as multipole fields , see Figure These fields can be
defined as normal or skew according to their orientation. In Figure the elements on
the left are defined as normal and the ones on the right as skew. The index n (an integer)
indicates the order of the multipole where n = 1 is a dipole, n = 2 is a quadrupole, n = 3 is
a sextupole, and so forth. The coefficients C;, are complex coefficients that depend on the
magnetic field. It can be seen from these expressions that a normal dipole has a uniform
vertical field, a normal quadrupole has a vertical field for y = 0, that grows linearly in x,

and that a normal sextupole has for y=0 a vertical field that grows with the square of x.

3.3.1 Dipole Magnets

Dipole magnets are used to bend particles in a beam line. Dipoles usually contain two
coils (can be one or more) wrapped around their yokes that generate a field which moves
from the north to the south pole creating a region with a homogeneous field. See in
Figure the most common type of bending magnets in secondary beams, called H-shape
and C-shape.
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3.3. Multipole Magnets

Figure 3.4: Schematic view of a H-shaped magnet (on the left) and a C-shaped magnet
(on the right). The direction of the magnetic field lines is schematically shown in red and
the deflection in blue (for a negatively charged moving perpendicularly and into the plane
of the page). The orange arrows indicate the relative orientation of the return fields [39)].

Using the Lorentz force it can be shown that a charged particle entering such a
region with a velocity non-parallel to the field (in which case the force would be 0) would

be bent along a curve. This bending effect is expressed by the magnetic rigidity, Bp :

p
Bp=" 3.7
r= (3.7)

where p is the particle momentum, ¢ the particle charge, p the curvature radius and B
is the field in the magnet (assuming that this is homogeneous and constant along the
magnet length). This is an important equation in accelerator physics and can be used in
accelerators to calculate the magnetic field needed in the dipoles to steer a desired beam
energy. This equation can also be reformulated to show that the angle at which a bending

magnet would bend is:
BL [Tm]

— 0.29979 —— LT
6 [mrad] =0 9979p [Gov /]

(3.8)

Where L is the length of the magnet.

Some smaller bending magnets are also referred to as corrector or trimmer magnets, which
have relatively low bending strength compared to the bending magnets and help to steer

or correct the beam trajectory if needed.

3.3.2 Quadrupole Magnets

Propagating particles, like light, when travelling freely, tend to spread out (see the defini-
tion of emittance later in this chapter). For this purpose there is the need to use a focusing
device within a beam line. In accelerators quadrupoles are used for this purpose . A

beam entering a quadrupolar magnetic field with a velocity non parallel to the field would
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3.4. Collimators

be focused in one direction (x, for example) but defocused in the other perpendicular
direction. Quadrupoles which focus in one plane are combined with ones which focus in
the other, such that the net effect is focusing in both planes. The combination of these fo-
cusing and defocusing quadrupoles in a beam line is called a focusing-defocusing (FODO)
cell. The strength of a quadrupole is usually quantified via the focusing coefficient & [42]:

g [T/m]

k[m™?) = 0.29979 Gov/d

(3.9)

Where g is the field gradient of the quadrupole that is defined as the ratio between the
field at pole edge divided by the pole edge distance from the center of the quadrupole.

3.3.3 Sextupole Magnets

As mentioned in the beginning of this section, in a beam line mostly bending and quadrupole
magnets are used and this is the case of secondary beam lines as well. For some complex
systems there might be a problem with chromatic aberrations, this means that particles
with slightly different energies are differently focused by the quadrupoles, slightly dis-
torting the beam. In light optics such aberrations can be partially corrected by the use
of glasses with different refractive indices. In particle optics sextupoles are used for this
purpose. Aberration effects are generated in accelerators by the quadrupole field contri-
bution at higher orders and can be cancelled out by the corresponding terms of sextupolar
fields [43]. In other words, it can be shown that by placing a sextupole in a point at which
the particles have a non null dispersion the field strength of the magnet can be set so that

all particles with energy offsets are focused to the same point.

3.4 Collimators

A collimator is an element made of heavy materials with a high stopping power that
defines the acceptance of the beam. Collimators can have adjustable apertures in either
one or two planes, respectively, or a fixed aperture. The (typically major) part of the beam
passes within the aperture limits of the collimator while the particles beyond its acceptance
interact in the material and get absorbed, scattered or undergo inelastic interactions. In
CERN’s experimental areas beam lines lengths of these elements range between 5-10 Ay,
where A; is the nuclear interaction length of the material. Therefore, when the beam

passes through the material the flux will be reduced by a factor proportional to e [44].
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More details on collimators are given in Chapter [l with a special overview of collimators

for secondary beams.

3.4.1 Sweeping magnets

Beam lines contain also magnets that are used to “clean” the beam from a certain com-
ponent that is undesired. This is the case for a beam that interacting with some material
generates showers of particles that propagate forward together with the beam generating

potential background for the experiment . This process is relevant for example for high

Magnetic force

Figure 3.5: Schematic illustration of a muon sweeper. It can be seen in the center the
field-free region and the magnetic lines in the yoke.

energy muons that once created tend to not interact with matter (since they have a low
interaction cross section) and propagate undisturbed for long distances possibly generat-
ing background in the experiment detector.

Sweeping magnets (also called scraper magnets) are toroidal magnets or magnetised blocks
that let the core of the beam propagate through a field-free region, removing via the field
in the yoke the undesired part (e.g. muons) . See an example of such a magnet in
Figure [3.5] This figure shows a muon sweeper that lets the beam pass through the field-
free region in the center of the magnet and deviates out the muons interacting with the
magnetic field of the yoke (the scattering of the particles in the material contributes to
this process as well). A similar system is used in the NA62 experiment , where a series

of three sweeping magnets is used to reduce the muon halo generated along the beam line.

3.5 Beam Monitors and Detectors

Magnets and collimators are the beam line elements used to modify the beam parameters,

but are not the only elements used. Other instruments are usually placed along a beam line
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to measure the beam properties (intensity, beam-size, divergence, particle type and so on)
in a certain location; these are the beam monitors (detectors). The intensity can be mea-
sured with scintillators or ionisation chambers , that count the number of particles
crossing the active material. For the beam size and divergence measurements, gaseous
detectors are commonly in use, like Multi Wire Proportional Chambers, MWPC .
The particle identification is usually achieved using Cherenkov detectors, like the CEDAR
counters [49], or via the time of flight reconstruction technique. The CEDAR counters are

described in the next subsection since play an important role for the NA62 experiment.

3.5.0.1 CEDAR

CEDAR counters are CErenkov Differential counters with Achromatic Ring focus. They
are called differential because of the use of optical focusing and/or geometrical masking
to select particles having velocities in a specified region. These counters are available in
some of the CERN secondary beam lines to perform particle identification for individual
particle types.

Ring Image Corrector Light path Mirror
Y at Diaphragm
]

Figure 3.6: CEDAR detector schematic . It can be seen that the light generated by
the passing beam is reflected on the internal mirrors and redirected on the light detectors
(PMTs in this case).

CEDARs are basically tanks filled with gas (e.g. nitrogen or hydrogen) that works
as an active material and contain a system of mirrors and lenses to reflect and focus the
light generated in the gas. These detectors make use of the Cerenkov effect, an effect

that takes place when a particle moves at higher speed than light in a certain material
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generating a cone of light. The Cerenkov equation states that this light is produced at an

angle:
1

“nB

where n is the refractive index of the material and § = v/c. The light produced in the

cos(0.) (3.10)

CEDAR is reflected by the mirror at the downstream side of the detector and focused in
order to give a ring image that is different in radius and can be distinguished for different
particles masses (see Figure [3.6). It can be shown that two particles with two different

masses my and my lead to a difference in the ring radii:

AR:gm%—m?

27 (3.11)

f is the focal length of the system and p is the momentum of the particle [49)].

3.6 Hamiltonian Approach and Transfer Maps

The present section describes the motion of particles along an ensemble of magnets. The
most convenient coordinate system to describe particle motion in a lattice is the Frenet-
Serret system [51] [52] that follows the particle along the reference path. This means that
it is a curvilinear coordinate system. Figure shows a vector t tangent to the curve,
a vector n normal to the curve, and a vector b to complete the basis. The constant
of curvature k defines the radius of the arc, while the initial condition ng defines the
angle of the plane containing the arc. Numerically, particle dynamics can be described by
integrating the equations of motion for a particle in a field, using an integration algorithm.
This type of integrator solves the dynamic for initial coordinate values and can track the
particle propagating through a magnet. This requires knowledge of the magnetic field
along the trajectory of the particle. However, the obtained result would not give any
indication of how changes in the initial values will affect the final values, this means that
the integrator must be run separately for each set of initial values that may be of interest.
If some studies require tracking many particles and iterate many times this approach
can be quite time consuming. The solution to this problem in accelerator physics is to
construct a so called ”transfer map”, which expresses in functional form the dependence
of the final values of the dynamical variables in terms of the initial values. A transfer map

can be constructed using a mode decomposition of the magnetic field and integrating this
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b Local Frenet

[ frame

x  Arc center
Global frame

Figure 3.7: Frenet-Serret coordinate system [53].

as it would be done for the numerical integration. The result of the integration is a set of
power series, one for each dynamical variable. Once the transfer map has been obtained
(by a single integration through the cell), tracking particles simply involves evaluating the
power series for the given initial values of the dynamical variables [54]. These variables

are usually expressed using the Hamiltonian formalism shown in the next section.

3.6.1 Accelerator Hamiltonian

The Hamiltonian formalism is the most commonly used one in accelerator physics. In
this formalism the dynamical variables used for the description of a particle propagating
into an electromagnetic field can be chosen to be: x and y, the coordinates in a plane

transverse to the reference trajectory; p, and p, are the normalised momenta given by:

_ymx + qA,

y = ————————, 3.12
Po ( )
ymy + qA
py = T (3.13)
Po
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where v is the relativistic factor for the particle, m and q are the mass and charge of the
particle, A, and A, are the transverse components of the electromagnetic vector potential,
and pg is the fixed reference momentum. A dot indicates the derivative with respect to

time. The longitudinal coordinate z of a particle is defined by:

z= % —ct (3.14)

where (3 is the relativistic § for a particle with the reference momentum, and t is the
time at which the particle arrives at a point s along the reference trajectory. The energy
deviation 9, is defined by:

E 1

where E is the energy of the particle. With these variables, the Hamiltonian describing

the dynamics of a charged particle is:

1) 1 2 qu2 A 2 1 qu
N PO O T TR
Bo \/( Bo Po Py Po B2ve  po (3.16)

where the zero index refers to the variables corresponding to the reference particle with

the usual meanings. It is also important to note that the independent variable here is
path length s, not time, which are the Frenet-Serret coordinates. This Hamiltonian can

be solved calculating the usual Hamiltonian coordinates:

dp; OH

dt 8qi ’ (3 7)
dqi OH

dt api (3 8)

The Hamiltonian defined before cannot anyway be solved analytically because of the pres-
ence of the square root. For this reason the expression is approximated by a Taylor series
taking into account only terms at the second order; this approximation is usually called
paraxial and is valid only for particles that are at small angles and near the reference

path [54].

3.6.2 Linear Transfer Maps

If the equations of motion are linear, transfer maps can be written as matrices. In this

formalism a particle with initial coordinates @y propagating in a series of n elements

50
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represented by maps (matrices) M; transforms to a final state with coordinate xg via:
x2(s) = My(s)...Ma(s)Mi(s)x1(s) (3.19)

It can be shown as an example, the calculation of the transfer map for few elements:
drift, bend and quadrupole. For a drift there are not electric or magnetic fields therefore
potentials can be set to 0. After expanding to second order Equation and dropping
terms of third and higher orders the Hamiltonian for a drift becomes:

2 2 2
pa: py 5
Hypire = =+ =
drift 5 + 9 +2ﬁ§7§

(3.20)

Using the Hamilton Equations [3.17] and these relations can be put in matrix form.

1 L 0 0

0 01 L

(3.21)

0
0O 1 0 0 O 0
0
Rarife =
0

Bo Y0

where L is the length of the drift. Given the 6-vector x, * = (z, ps,y, py, 2,9) the coordi-
nates of this particle would transform as x1(s) = Rgyifrx2(s).

For bending magnets the second order Hamiltonian takes the form:

2 2 2
1 h 5
Hiena = 5 + 22 4 (ko — )z + Shhkoa® — a6 +

Bo 725378 (3.22)
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Where ky = piBo is the normalised dipole field strength. Following the same approach

0

used for the drift can be shown that the transfer matrix of a dipole is:

in(wl) 1—cos(wL)
cos(wl) = 0 0 O Z)Lﬁow
o sin(wlL)
wsin(wl)  cos(wl) 0 0 0O e
0 0 1 L 0 0
Ryeng = (3.23)
0 0 01 0 0
_ sin(wl) __1—cos(wl) 00 1 L _ wL-—sin(wl)
Bo wfo B2+2 w2
0 0 0 0 O 1

This matrix is calculated in the assumption that the reference trajectory is matched to

the dipole strength, w = 1 = k.

r

For quadrupoles the Hamiltonian takes the form of:

2 2 2
Py | Py g ki, o 9
Hyuad = 2= + 2 + + - 3.24
quad 2 2 253%2) 92 (‘T Yy ) ( )

Once again using Equations|3.17 and it can be shown that the corresponding transfer

matrix is [41]:

cos(wl) ~ Snled) 0 0 0 0
—wsin(wl) cos(wl) 0 0 0 0
0 0 cosh(wl) Sin};(w” 0 0
unad = (325)

0 0 0 wsinh(wl) cosh(wl) 0
L

0 0 0 0 1 52,2

0 0 0 0 0

3.6.3 Transverse Motion in a Lattice

From the Hamiltonian shown above can be proven that the motion of a particle in the

transverse plane can be described by the so-called Hill’s equations [55]:

u (s) + K(s)u(s) =0 (3.26)
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Where k is a function of s and u indicates both the x and the y coordinate. The principal

solutions of these equations are in the form of:

u(s) = vey/B(s) cos((s) + o) (3.27)

where ( is referred to as the beta function, and is a position-dependent amplitude, and
€ is a constant of motion, ¢(s) is the phase advance that depends also on the focusing

strenght and ¢g is an integration constant depending on initial conditions.

3.6.4 Twiss parametrization

The solutions exposed above are usually parametrised using the so called Twiss parame-

ters. The Twiss parameters use the fact that the beam is an ellipse in phase-space (the

x"

L, \/j

u.| m

=Y

Figure 3.8: Twiss Parameters of a beam in  and =’ (phase-space).

area of which is the emittance [56]) and therefore the quantity e can be expressed (in one

direction, e.g. ) as:

€x = Vol® + 2ax2’ + Ba’? (3.28)
with 2’ = dx/ds, and:
1 2
Ny = (3.29)
Ba
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This leads to the formula:

/mx' = ey (3.30)

With €, being the beam emittance. For a Gaussian with zero dispersion the beam-size is
defined as 0, = /e;3:. In accelerator physics € is referred to as the emittance and obeys
Liouville’s theorem, which states that particle density in phase space is conserved along
all trajectories. This is true only if there is no time dependence on the Hamiltonian, i.e.
when the beam energy is constant. This is for example not the case for accelerated beams
and beams that interact with collimators. For accelerated beams the normalised emittance
(en, = Bye) is a conserved quantity instead. The twiss parameters are particularly useful
for machines and transfer lines where ideally the emittance is conserved. In secondary
and tertiary beam lines, this is normally not the case, as collimation is necessary to define
the central momentum and the width of the momentum band transported. Therefore, the

optics design is usually based on the transfer matrix approach.
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Chapter

CERN Secondary Beam Lines and North

Area Experiments

This chapter introduces the general structure of the CERN accelerator complex with a
focus on secondary beam lines and their experiments. Among these, the experiments
served by the K12 beam line that represent, all together with its possible future upgrades,
the core of this thesis. The discussion mainly focuses on the structure of the detector and
the physics goals of these experiments, whilst the beam lines structure and simulations

will be discussed in more detail in the following chapters.

4.1 CERN Accelerator Complex

The Large Hadron Collider (LHC) is the biggest accelerator in the world reaching a center
of mass collision energy of 13 TeV. The complex of the LHC crosses the border between
Switzerland and France. It is mostly operated as a proton-proton (p-p) collider but can
also be operated as an ion-ion collider. For p-p collisions, the first accelerator in the chain
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