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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+ → π+νν) to a high precision (10% for K+ → π+νν) 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.
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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

NA62-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 1
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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NA62 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

measurements of the rare kaon decay K+ → π+νν. The experiment managed to measure

for the first time in 2018 this very rare decay that has a theoretical branching ratio of

1.7× 10−10 [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 NA62×4) [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 NA62-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 4 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 8 the technical work done for the

experiments and the simulations is explained in detail. Finally, Chapter 9 gives an outlook

and summarises all the results of the thesis.
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Chapter 2
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 (γ, two W-bosons, Z, eight gluons and the Higgs) in the

SM, a schematic of these particles is shown in Figure 2.1. 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 1
2 , in units of ℏ (that is the Planck constant divided by 2π). Charged

leptons can interact only through the electromagnetic and the weak interactions. Various
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2.1. Standard Model Overview

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,µ,τ) 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) × SU(2) × 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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2.2. Physics Symmetries

gram in Figure 2.2 [8].

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, Q, that leads from an initial state |i⟩ to a final state |f⟩, |f⟩ = Q|i⟩. 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:

P |ψ⟩ = p|ψ⟩, 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 CPT 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′

s′

 =

 Vud Vus

Vcd Vcs


 d

s

 (2.2)

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

1973 [12]. 
d′

s′

b′

 =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




d

s

b

 (2.3)
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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:

VckmV
†
ckm = 1 (2.4)

The CKM matrix determines the probability of transition from a quark state i 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 θ12, θ23 and θ13 representing the

rotations in the flavour space, and the phase δ. Using this formalism the CKM matrix

can be rewritten as:

Vckm =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 (2.5)

Where cij = cos θij and sij = sin θij . This parametrisation is usually called “standard

parametrisation”. Its coefficients have been experimentally measured to be: θ12 = (13.02±

0.04)◦ , θ23 = (2.36 ± 0.08)◦ , θ13 = (0.20 ± 0.02)◦ and δ = (69 ± 5)◦ [13]. All the

rotation angles are comparably small, hence, the CKM matrix is approximately diagonal.

Assuming that θ23 and θ13 are equal to zero, the largest angle, θ12, is responsible for the

flavour mixing. If sin(θ12) is fixed to be equal to a parameter λ the CKM matrix can be

rewritten as:

|Vckm| ≈


1− λ2

2 λ λ3

−λ 1− λ2

2 λ2

λ3 λ2 1

 (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]:


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =


0.97± 0.0001 0.22± 0.001 0.039± 0.0004

0.23± 0.01 1.02± 0.04 0.0041± 0.001

0.0084± 0.0006 0.039± 0.002 0.88± 0.07

 (2.7)

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:∑
i VijV

∗
ik = δjk 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 2.3: The

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 Vij .
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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2.4.1 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 [14]. 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 [15]

and by Gell-Mann [16]. They introduced a new quantum number S, the “strangeness”,

which is an additive quantum number. Figure 2.4 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 S = 0 it

is allowed only if two particles with opposite S are generated (in this case the two K0s).

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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2.4.2 Kaon States

The K0 = ds and K0 = 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 |K0⟩ = K0 and CP |K0⟩ = K0. The K0 and

K0 can exchange into each other via virtual common decay modes: K0 → 2π → K0

and K0 → 3π → K0. These Ks are not CP eigenstates but can be CP eigenstates if

represented in the following basis:

|K1⟩ =
1√
2
(|K0⟩+ |K0⟩), CP = +1 (2.8)

|K2⟩ =
1√
2
(|K0⟩ − |K0⟩), CP = −1 (2.9)

In order to characterise the eigenstates of these kaons, the 2π and 3π neutral systems can

be considered. The CP eigenvalue of a neutral 2π system is positive. Actually it can be

shown that:

CP (π0π0) = [CP (π0)]2 = (−1)2 = +1

CP (π+π−) = C(π+π−)P (π+π−) = (−1)l(−1)l = +1

Where l is the angular momentum of the state. As a consequence, if CP is conserved,

only the K1, with the eigenvalue CP = +1, can decay into 2π. For the 3π systems the

following relation is valid:

CP (π0π0π0) = [CP (π0)]3 = (−1)3 = −1 (2.10)

The state π−π+π0 is a bit more complicated but after some calculations it can be

proved that [9]:

CP (π+π−π0) = −1 (2.11)

These calculations show that if CP is conserved, only the CP state with eigenvalue

CP = –1, that is K2, can decay into 3 π. This means that if CP is conserved the allowed

decays are:
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K1 → 2π, K2 → 3π. (2.12)

If CP was conserved, K1 and K2 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” (KS) and “Kaon

long”(KL) respectively. It is experimentally shown that the lifetime of the (Kaon short)

state decaying into 2π, is approximately 580 times shorter than the lifetime of the (Kaon

long) state decaying into 3π [9].

2.4.3 Kaon Oscillation

In 1955 Gell-Mann and Pais [18] speculated that oscillations of strangeness should happen

for a pure K0 beam. This means that starting with a K0 beam, it should be possible

to observe a K0 component in the beam after a certain time τ . In order to prove this

Figure 2.5: Probability function δ of oscillation in a kaon neutral system. This probability
is quantified via the charge asymmetry, namely the difference between the numbers of

observed K0 semi-leptonic decays and the number of K
0
semi-leptonic decays [9].

assumption measurements for a beam of K0s 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 K0 → π−l+νl

and K0 → π+l−νl events. The difference between the probability of having a K0 and a
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K0 can be calculated as a function called δ. This measurement was carried out at the

CERN PS accelerator [19]. The calculated δ 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 K0s 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 π− colliding on target to generate neutral

kaons K0. The K0 state is represented as a superposition of K1 and K2. The K1 compo-

nent decays mainly into 2π and does so at short distances, the K2 survives for longer times

and does not decay into 2π, provided CP is conserved. The 2π 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 K0 and its antiparticle K0 interact differently

with the nuclei. The K0 undergoes quasi-elastic scattering with nucleons, whereas its

antiparticle can create hyperons. Given the different interactions of the two components,

K0 and K0, the coherence between the particle states vanishes. The emerging beam then

contains different linear superpositions of the K0 and K0. This kind of state (superpo-

sition) is a mixture of K1 and K2. This proves that the K1 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 CP . The approach of the

experiment was to create a beam of K1 and K2 decaying over a length of approximately

17 meters. For the properties discussed before: one of these components it is long lived

(K2), while the other is the short lived (K1). 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 K2 and therefore to detect three pions

decays only. The experiment found out that this is not always true, and proved that theK2

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 K1 and

K2 are not the states with definite mass and lifetime. The latter can be written as:

|KS⟩ =
1√

1 + |ϵ|2
(|K1⟩+ ϵ|K2⟩) (2.13)

|KL⟩ =
1√

1 + |ϵ|2
(ϵ|K1⟩+ |K2⟩) (2.14)

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

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 → πνν. The decay rate of this process caused by s → dνν 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 → πνν are “clean” processes that can be calculated to

a high precision. For the probability of the decay K+ → π+νν, the uncertainties in the

Figure 2.6: One-loop diagrams of leading order contributions for the K → πνν decay in
the SM [24].

theoretical calculations do not exceed 5 to 7%. For the decayKL → π0νν the uncertainties

are not above 2%.

From the previous arguments it is deduced that decays like K → πνν are strongly sup-

pressed and are therefore characterised by very small expected branching ratios (below

10−10). 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/MZ . Therefore, the decays K → πνν 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

36



2.5. Dark Matter

undiscovered elementary particles [27]. The primary candidate for dark matter is some

new kind of elementary particle that has not yet been discovered, such as WIMPs [28],

heavy neutral leptons (HNL) [13] 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 (ϵ′) 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 [29]. Figure shows 2.7 the regions covered by various

experiments for dark photon searches as a function of mass and coupling strength ϵ′.

Figure 2.7: Regions explored by various experiments for dark photon mass in function of
the coupling strength ϵ′ [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 1015 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 3
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 4). 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 1012 and 1.5×1013 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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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

λI , the radiation length X0 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 λI . The number of secondary hadrons

produced dNh per length dL is parameterised approximately by Equation 3.1:

dNh

dL
=

L

λI
e

−L
λI (3.1)

If x is defined as x = L/λI ≈ L/Xo (true in the case of beryllium), where L is the length

of the target, the target efficiency ϵT can be written as ϵT (L) = xe−x for hadrons and

approximately as x2e−x for electrons or positrons. The target efficiency for hadrons is

therefore maximum when ∂ϵT
∂x = 0, or (x−1)e−x = 0, hence x=1. It can be observed from

this equation that the maximum target efficiency for a beryllium target is e−1 ≈ 0.37 that

corresponds to approximately 40 cm 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 KL, KS , Λ, 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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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 3.2 and 3.3.

For K±, π±, p :
d2N

dpdΩ
= A

(
B

p0
e

Bp
p0

)(
Cp2

π
e−C(pθ)2

)
(3.2)

For p :
d2N

dpdΩ
= A

(
B + 1

p0

(
p

p0

)B
)(

Cp2

π
e−C(pθ)2

)
(3.3)

In these equations, p, p0 and θ are the secondary momentum, the primary beammomentum

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 3.1. This formula is precise to

Particle Type A B C

π+ 0.80 11.5 5

π− 0.16 8.5 5

K+ 1.2 9.5 3

K− 0.10 13.0 3.5

p 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

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.

41



3.2. Magnets

they are produced by different processes (mainly π0 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.
d2N

dpdΩ
= A

(
B

p0
e
−Bp

p0

)(
Cp20
π
e−C(pθ)2

)
(3.4)

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 FL given by the relation:

FL = q(E + v ×B) (3.5)

Where E 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×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 xy 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 = (Bx, By, Bz) with

constant Bz and described in a xy complex plane via Equation 3.6 satisfies Maxwell’s
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Figure 3.3: Magnetic fields in the transverse plane for multipole magnets [40].

equations.

Bx + iBy =
∞∑
n=1

Cn(x+ iy)n−1 (3.6)

Fields of this form are known as multipole fields [40], see Figure 3.3. These fields can be

defined as normal or skew according to their orientation. In Figure 3.3 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 Cn 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 3.4 the most common type of bending magnets in secondary beams, called H-shape

and C-shape.
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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, Bρ [41]:

Bρ =
p

q
(3.7)

where p is the particle momentum, q the particle charge, ρ 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:

θ [mrad] = 0.29979
BL [Tm]

p [GeV/c]
(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 [42]. A

beam entering a quadrupolar magnetic field with a velocity non parallel to the field would
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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 k [42]:

k [m−2] = 0.29979
g [T/m]

p [GeV/c]
(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 λI ,

where λI 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−λI [44].
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More details on collimators are given in Chapter 6 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 [45]. This process is relevant for example for high

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) [46]. 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 [1], 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 [47] or ionisation chambers [39], 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 [48].

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.

Figure 3.6: CEDAR detector schematic [50]. 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:

cos(θc) =
1

nβ
(3.10)

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

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 m1 and m2 lead to a difference in the ring radii:

∆R =
f

θc

m2
2 −m2

1

2p2
(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 3.7 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 n0 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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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; px and py are the normalised momenta given by:

px =
γmẋ+ qAx

p0
, (3.12)

py =
γmẏ + qAy

p0
, (3.13)
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where γ is the relativistic factor for the particle, m and q are the mass and charge of the

particle, Ax and Ay are the transverse components of the electromagnetic vector potential,

and p0 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 =
s

β0
− ct (3.14)

where β0 is the relativistic β 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 δ, is defined by:

δ =
E

p0c
− 1

β0
(3.15)

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

the dynamics of a charged particle is:

H =
δ

β0
−

√(
δ +

1

β0

)2

−
(
px −

qAx

p0

)2

−
(
py −

Ay

p0

)2

− 1

β20γ
2
0

− qAz

p0
(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:

dpi
dt

=
∂H

∂qi
, (3.17)

dqi
dt

= −∂H
∂pi

. (3.18)

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 x1 propagating in a series of n elements

50
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represented by maps (matrices) Mi transforms to a final state with coordinate x2 via:

x2(s) =Mn(s)...M2(s)M1(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 3.16 and dropping

terms of third and higher orders the Hamiltonian for a drift becomes:

Hdrift =
p2x
2

+
p2y
2

+
δ2

2β20γ
2
0

(3.20)

Using the Hamilton Equations 3.17 and 3.18 these relations can be put in matrix form.

Rdrift =



1 L 0 0 0 0

0 1 0 0 0 0

0 0 1 L 0 0

0 0 0 1 0 0

0 0 0 0 1 L
β2
0γ

2
0

0 0 0 0 0 1


(3.21)

where L is the length of the drift. Given the 6-vector x, x = (x, px, y, py, z, δ) the coordi-

nates of this particle would transform as x1(s) = Rdriftx2(s).

For bending magnets the second order Hamiltonian takes the form:

Hbend =
p2x
2

+
p2y
2

+ (k0 − h)x+
1

2
hk0x

2 − h

β0
xδ +

δ2

2β20γ
2
0

(3.22)
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Where k0 = q
p0
B0 is the normalised dipole field strength. Following the same approach

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

Rbend =



cos(ωl) sin(ωl)
ω 0 0 0 1−cos(ωL)

ωβ0

−ω sin(ωl) cos(ωl) 0 0 0 sin(ωL)
β0

0 0 1 L 0 0

0 0 0 1 0 0

− sin(ωL)
β0

−1−cos(ωL)
ωβ0

0 0 1 L
β2
0γ

2
0
− ωL−sin(ωL)

ωβ2
0

0 0 0 0 0 1


(3.23)

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

the dipole strength, ω = 1
r = k0.

For quadrupoles the Hamiltonian takes the form of:

Hquad =
p2x
2

+
p2y
2

+
δ2

2β20γ
2
0

+
k1
2
(x2 − y2) (3.24)

Once again using Equations 3.17 and 3.18 it can be shown that the corresponding transfer

matrix is [41]:

Rquad =



cos(ωl) sin(ωl)
ω 0 0 0 0

−ω sin(ωl) cos(ωl) 0 0 0 0

0 0 cosh(ωl) sinh(ωl)
ω 0 0

0 0 0 ω sinh(ωl) cosh(ωl) 0

0 0 0 0 1 L
β2
0γ

2
0

0 0 0 0 0 1


(3.25)

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)

52



3.6. Hamiltonian Approach and Transfer Maps

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) =
√
ϵ
√
β(s) cos(ϕ(s) + ϕ0) (3.27)

where β is referred to as the beta function, and is a position-dependent amplitude, and

ϵ is a constant of motion, ϕ(s) is the phase advance that depends also on the focusing

strenght and ϕ0 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

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

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

direction, e.g. x) as:

ϵx = γxx
2 + 2αxxx

′ + βx′2 (3.28)

with x′ = dx/ds, and:

γx =
1 + α2

x

βx
(3.29)
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This leads to the formula: ∫
xx′ = πϵx (3.30)

With ϵx being the beam emittance. For a Gaussian with zero dispersion the beam-size is

defined as σx =
√
ϵxβx. In accelerator physics ϵ 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

(ϵn = βγϵ) 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 4
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

is Linac 4 that accelerates protons to an energy of 160 MeV (see Figure 4.1). The beam

is then injected into the Proton Synchrotron Booster, which accelerates the protons to

2 GeV/c, followed by the Proton Synchrotron (PS) which brings the beam to 24 GeV/c.

Protons are then sent to the Super Proton Synchrotron (SPS) where they are accelerated

to up to 400 GeV/c. In the final step, protons are transferred to the LHC where they

reach their maximum energy of up to 6.5 TeV. These protons are finally divided in two

counter-rotating beams that are afterwards led to collision at the four detectors: ALICE,

ATLAS, CMS and LHCb. The total energy at the collision point is equal to 13 TeV [58].
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Figure 4.1: CERN accelerator complex layout. The North and East Areas are highlighted
in red [57].

The PS and the SPS play an important role in the accelerator chain for the LHC but

are also important for other activities. For example these two accelerators slowly-extract

particles at low energies (compared to the LHC) that feed the so-called “secondary beam

lines”. Most of these beam lines are located into two areas at CERN, the North Area

(beam extracted from the SPS) and the East Area (beam extracted from the PS) and are

used as facilities for test beam as well as to host a series of fixed target experiments [39].

4.2 CERN Secondary Beam Lines

The CERN secondary beam lines in the North and the East Areas are designed to deliver

beams of secondary and tertiary particles as well as attenuated primary protons and ions

(the primary protons are extracted from the PS and SPS at 24 GeV/c and 400 GeV/c
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respectively). The East Area beam lines are located next to each other and shielded with

concrete and iron blocks as can be seen in Figure 4.2. The SPS North Area experiments

are housed in different experimental halls, two on the surface, EHN1 and EHN2, as well

as an underground cavern, ECN3. The beam lines in these areas deliver secondary and

tertiary beams of hadrons, electrons and muons in the energy range < 360GeV/c, typically

at a maximum flux of 107–108 particles/spill (for secondary and tertiary beams). Primary

Figure 4.2: CERN East Area top view in CAD. The main beam lines (T8, T9, T10 and
T11) and the relative experiments are highlighted [59].

beams are attenuated to similar intensities in the surface halls as well. The East Area

delivers beams of mixed/pure hadrons, electrons and muons in the momentum range <

15GeV/c at a maximum flux of few ×106 particles/spill.

4.2.1 Fixed Target Experiments at Secondary Beam Lines

In fixed-target experiments (FT), primary particles collide with a stationary target, pro-

ducing secondary particles that can be studied for several purposes. Fixed-target exper-

iments are easier to install and operate compared to experiments at big colliders; they

allow a better beam particle type and momentum selection and have higher event rate.

The disadvantage of FT experiments is in the collision energy that is much lower than the

one that can be reached at colliders. The energy, s, in the center of mass at a fixed target

experiment scales with the beam energy s ≈
√
mpE, where mp is the mass of the colliding
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particle and E its energy; lower than s ≈ 2E achievable in colliders. CERN hosts a series

of fixed-target experiments in the East Area and the North Area, e.g. NA62, NA61 [60],

COMPASS [61], CLOUD [62] and NA64 [63]. The physics studied in these experiments

is mainly focused on precision studies and ranges from kaon physics with NA62, atmo-

spheric physics with CLOUD to the investigation of hadronic interactions and sub-atomic

structure with NA61 and COMPASS.

4.3 Kaon Experiments at the North Area

The North Area (see Figure 4.3) has been hosting several fixed target experiments in more

than 40 years of operation. The kaon program started in 1989 with the NA31 experiment

that gave the first hint of direct CP violation afterwards confirmed by its successor, the

NA48 experiment and kTeV at Fermilab. More details on NA48 and CP violation can be

found in Chapter 2. After the operation of NA48 [22] a new kaon experiment followed

it, NA62, that started physics data taking in 2015. As it is shown in detail in the next

section, the main goal of NA62 is to measure rare charged kaon decays. Currently several

projects are being considered for the future of NA62. The different proposed experiments

are introduced in more detail in this chapter and studied in depth in the framework of

this thesis.

4.4 The NA62 Experiment

NA62 studies the very rare decay channel K+ → π+νν. The main goal of the experiment

is to investigate this decay to extract the CKM parameter |Vtd| to a 10% precision level

(See Chapter 2 for an overview of the CKM matrix properties). This is achieved via the

measurement of the π+ that comes from the K+ decay with no other particles detected

(since neutrinos are not visible in the detector). This measurement is performed with a

series of detectors as shown in the next section. The experiment is schematically depicted

in Figure 4.4. It has a total length of approximately 270 m and inherited some of the

detector components from NA48. NA62 receives particles originally extracted from the

SPS. The proton beam coming from the SPS is transported to a primary target (T10)

via the P42 beam line. Protons colliding with this target create secondary particles that

are selected (positively charged particles at 75 GeV/c momentum) in the K12 beam line.

The K12 beam line elements are only briefly introduced here and are described in greater
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Figure 4.3: Satellite view of the North Area at CERN. Beam lines and experimental halls
are highlighted in the figure [64].

Figure 4.4: Schematic view of the NA62 experiment [50].

detail in Chapter 7. Further downstream in K12, the kaons are identified via the CEDAR

(also called KTAG), a Cherenkov Differential Counter with Achromatic Ring Focus (see

Fig 4.5). Always in K12, kaons traverse the GigaTracKer (GTK) spectrometer, a silicon
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Figure 4.5: A photograph of the CEDAR (KTAG) detector located in the K12 beam line
of the NA62 experiment [65].

tracking system that is able to measure time, direction and momentum of all the detected

particles.

4.4.1 The NA62 Detector

After the GTK, there is the so called CHANTI (CHarge ANTI) detector. This is a charged

anti-counter detector mainly designed to veto events with inelastic interactions of the beam

with GTK3. These detectors are followed by a 110 m long vacuum tank, which contains

the 50 m long fiducial decay volume (FV). A STRAW gas-spectrometer at the end of

the FV allows the measurement of momenta of charged decay products. This detector is

composed of several straw tubes containing mainly argon and CO2. The full experiment

region is covered by a system of photon-veto detectors that detect photons produced in

the decay region (mainly from decaying π0s) and propagating at angles up to about 50

mrad with respect to the central detector axis. These detectors include: 12 ring Large-

Angle photon Veto detectors (LAV), the Intermediate Ring Counter (IRC), the Liquid
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Krypton electromagnetic calorimeter (LKr) and Small-Angle (SAC) calorimeters. The

Ring Imaging CHerenkov detector (RICH) is located right after the STRAW. It consists

of a 17 m long radiator volume filled with neon gas at one atmosphere and allows the

separation of electrons, muons, pions, and kaons. The RICH detector is followed by a

system of hodoscope counters CHOD constructed from scintillator panels. Four detectors

are used for muon vetos (muons could fake a π+ track) : MUV0, MUV1, MUV2 and

MUV3 that are composed of scintillating tiles and iron. All the detectors of NA62 are

operated and connected to a high-performance trigger and data acquisition system [50].

4.4.2 Signal Selection

The signal signature of NA62 consists of an incoming K+ and an outgoing π+ with no

additional particles seen in the detector (neutrinos are not detected). The detected in-

Figure 4.6: Missing squared mass (m2
miss) of K

+ decays for the K+ → π+νν. The values
are obtained assuming that the particle in the final state is a π+. The signal is multiplied
by a factor 1010 in order to be displayed at the same scale. The dashed bands indicate
the measuring range of NA62 [66].

coming track, compatible with a kaon, and the outgoing tracks associated in time with the

former are used to reconstruct the decay vertex of the kaon. The vertex must be located

within the FV. The identification of the downstream particle is performed by combining

the RICH measurement with the output of a multivariate classifier using the LKr and

the muon veto counters. The main variable used for the analysis is the missing mass
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squared m2
miss = (PK − Pπ)

2, which is calculated using the combination of PK and Pπ

measurements. The kaon momentum PK can be measured directly with the GTK. The

pion momentum Pπ can be measured either with the STRAWs and with the RICH. The

analysis is performed in two separate regions of them2
miss variable (R1 as [0-0.01] GeV 2/c4

and R2 as [0.026-0.068] GeV 2/c4). In both regions the momentum of π+ has to be in the

range 15− 45 GeV/c to optimise the RICH π+/µ+ separation [66].

4.4.3 Backgrounds in the experiment

Different processes happening in the NA62 detector can mimic the signal expected for the

K+ → π+νν decay. Some of this background comes from K+ decaying in the fiducial

volume while the rest is mainly given by upstream decays. The upstream background

events are positively charged pions originated by positively charged kaons that decay or

interact in the region upstream of the final collimator. The expected number of signal

and background events given by K+ decays can be seen in Table 4.1. These values for

Process Expected Events

K+ → π+νν IB 2.16± 0.12stat ± 0.26syst

K+ → π+π0(γ) IB 0.29± 0.03stat ± 0.03syst
K+ → µ+νµ(γ)(µ

+ → e+ decay) 0.11± 0.02stat ± 0.03syst
K+ → µ+νµ 0.04± 0.02syst

K+ → π+π−e+νe 0.12± 0.05syst ± 0.03syst
K+ → π+π+π− 0.02± 0.02syst
K+ → π+γγ 0.05± 0.05syst

K+ → l+π0νl (l = e+, µ+) negligible

Upstream Background 0.9± 0.2stat ± 0.2syst

Total Background 1.5± 0.2stat ± 0.2syst

Table 4.1: Expected signal and background events in NA62. K+ → π+π0(γ) IB and
K+ → µ+νµ(γ) IB include also the contribution from the inner Bremsstrahlung radiation.

the decay backgrounds are estimated via direct independent measurements or via MC

simulations. It can be seen from these values how the K+ decaying to muons creates

an important background for the experiment. Accurate simulation models are therefore

needed in order to create a precise enough characterisation of these backgrounds.

4.4.4 Main Results of NA62

In 2018 the NA62 detector collected data during 217 days using approximately 1018 pro-

tons. The analysis of these data led to the reconstruction of 17 signal events coming from
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a decay K+ → π+νν, out of these. These events follow the ones discovered in 2016 and

2017 (three in total). Combining these data, NA62 proved that this kaon decay rate is

BR(K+ → π+νν) = (10.6+4.0
−3.4|stat ± 0.9syst) × 10−11 at 68% CL [2]. This experimental

value is compatible with the SM predictions (7.7 × 10 −11) considering the current level

of precision achieved. These results represent so far the most precise measurement of

this rare decay. The precision of this measurement can be improved with a larger events

sample and via a better characterisation of the background. Studies on the background

for NA62 are presented in Chapter 7.

4.5 K12 Future Perspectives and Physics Beyond Colliders

New experiments are currently under consideration for the future use of the K12 beam line

after the completion of NA62. Studies for these experiments are part (or are foreseen to be

part) of the Physics Beyond Colliders study. Physics Beyond Colliders (PBC) is a CERN

program that aims at developing a new range of activities in order to extend the scientific

potential of the CERN accelerator complex. This program aims at developing experiments

that are complementary to the main colliders such as the present LHC, HL-LHC and in

future the HE-LHC, CLIC and FCC. These projects would focus on physics topics that

are similar to those at high-energy colliders, but that require different types of beams and

experiments [3]. The experiments are currently considered within PBC for the K12 beam

line in the North Area are: KLEVER, NA62-BeamDump (BD), NA62-HI (higher intensity)

and SHADOWS. KLEVER would search for very rare neutral kaon decays instead of

charged ones. NA62-HI (also called NA62x4) would run in a similar configuration to

NA62 but optimised to a higher proton intensity on target to gain more statistics and

achieve a better precision. NA62-BD and SHADOWS would run in approximately the

present NA62 configuration (a few minor changes are required), but would focus on a

dark matter search. More details about these configurations are given in the next section.

4.6 KLEVER, NA62-BD, NA62-HI and SHADOWS

KLEVER, NA62-BD, NA62-HI and SHADOWS could all be potentially placed in ECN3

and are very different from each other. These four experiments were proposed at different

times and therefore the design and preparation of some of them is in a different state of

development.
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4.6.1 KLEVER

KLEVER aims at Standard Model physics investigations, in particular, measuring the

branching ratio ofKL decay into the rare channel: KL → π0νν. The probability amplitude

for K+ → π+νν (studied by NA62) has both real and imaginary parts, the one for the

decay KL → π0νν is purely imaginary. This means that these decays have different

sensitivity to new sources of CP violation. Measurements of both BRs would then be useful

not only to search for evidence of new physics (beyond the SM) but also to distinguish

between these different physics models. Figure 4.7 illustrates a general scheme for the

expected beyond SM models accessible via rare decays of K+ and KL. KLEVER could

Figure 4.7: SM prediction for BR(K → πνν) with new potential physics scenarios. The
coloured areas represent different potential SM structures. The CKM-like models with
minimal flavour violation are in green, the models with flavour-violating interactions with
left-handed or right-handed couplings in blue and more general models are in red [4].

start data taking in 2026. Using an intensity of 1019 protons on target per year, first

estimations predict that the collection of 60 rare decay events are possible over five years

of operation [67]. The experiment requires some changes for the P42 beam and a new K12
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beam line. The related studies are presented in Chapter 8. First of all, the P42 beam line

needs to be modified in order to let the protons hit the T10 target at a non-zero angle. This

minimises the Λ background that impacts the number of usefulKL decays, mainly through

the Λ → π0n channel. The following K12 beam line is arranged to accommodate a neutral

beam; this means that many magnets currently used are not necessary for KLEVER (see

a detailed description of the K12 beam line for KLEVER in Chapter 7).

4.6.1.1 KLEVER detector

The KLEVER experiment would inherit part of the detector currently in place for NA62,

but many components need to be redesigned. For the main electromagnetic calorimeter

(MEC) preliminary studies have shown that the liquid krypton calorimeter from NA62 can

be reused for the reconstruction of the π0 signal; alternativly a shashlyk-based calorimeter

can be developed ad hoc. A new upstream veto (UV) is required, this UV rejects KL →

π0π0 decays in the 40 m before the fiducial volume. The UV detector includes an active

final collimator (AFC), a LYSO collar counter that provides a last stage of collimation

working at the same time as a veto for photons generated by KLs. The current LAV of

NA62 has too low efficiency to be used in KLEVER and therefore a new one is needed.

The new LAV comprises 25 new calorimeters made of lead/scintillating-tile stations with

wavelength-shifting fiber readout. A new small-angle calorimeter (SAC) needs to be placed

on axis in the neutral beam with the function to reject photons from KL decays that would

otherwise escape downstream the beam line. Finally the last component is the pre-shower

detector (PSD) that measures the directions for photons incident on the MEC. Without

the PSD, the z-position of the π0 decay vertex can only be reconstructed by assuming

that two clusters on the MEC are indeed photons from the decay of a single π0. With

the PSD, a vertex can be reconstructed by projecting the photon trajectories to the beam

line. The invariant mass is then an independent quantity, and KL → π0π0 decays with

mis-paired photons can be efficiently rejected [4].

4.6.2 NA62-BD

The current configuration of NA62 can be slightly changed in order to accommodate an

experiment looking for dark matter. In the current configuration, NA62 uses a massive

collimator, the Target Attenuator eXperimental areas (TAX, see Figure 4.9) in order to

do a particle momentum selection in the first achromat. This collimator can alternatively
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Figure 4.8: Picture of the TAX collimator. It can be seen that the TAX is divided in two
blocks, C1 and C2. The first block is made of two layers of copper and two layers of iron,
the second block is only made of iron [68].

be closed working effectively as a beam dump (BD). In the NA62-BD configuration the

T10 target is removed in order to dump all the protons coming from the SPS (at 400

GeV/c momentum) on the closed TAX collimator. In this mode, called NA62-BD, all

the protons and the secondary particles generated are absorbed by the TAX. The TAX is

approximately 3.2 meters long and is made of copper and iron. A selection can be therefore

made to look for particles that after going through the full collimator length, manage to

escape undisturbed. These particles have to interact with forces that are not part of

the Standard Model (they would be otherwise absorbed by the TAX), like dark matter

candidates are expected to do. The dark matter candidates are not directly observed but

the generated secondary particles (generated via decay or annihilation) can be detected in

the NA62 detector. For these candidates, the signal expected is a few tracks in the NA62

detector and no other activity. In this configuration the experiment has a competitive

sensitivity to dark sector candidates, such as Heavy Neutral Leptons and the dark photon.

As an example, it can be considered a dark photon produced in a meson decay from the

beam dump, producing visible decays such as: A′ → e+e− and A′ → µ+µ−. Figure 4.9

shows the region explored by NA62-BD for dark scalars. In 2016 NA62 collected data at

different intensities in the NA62-BD configuration and the preliminary analysis of these
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Figure 4.9: Sensitivity of NA62 for 1018 protons on target (the shaded region labelled
as NA62-BD corresponds to a 90% confidence level exclusion limit) for a dark scalar
originated by the dump. The y-axis there is the sine of the mixing angle with the Higgs
sector and on the x-axis is the mass of the scalar [69].

data indicates that a zero-background condition could be achieved [69]. This hypothesis

is also supported by studies on the K12 beam line optimisation that show how to reach a

significant reduction for the muon background [70]. A detailed analysis on the NA62-BD

background is also done in Chapter 8. The NA62 collaboration is currently considering

to run the experiment in this configuration after LS2 for a duration of approximately one

year.

4.6.3 NA62-HI

The system of beam lines that transports the protons from the SPS to the T10 target can

be modified in order to achieve a higher flux of protons on target compared to the current

one used for NA62. The precise setting and studies on of these beam lines is discussed in

Chapter 8. In this new setting, the NA62 experiment is called NA62-HI (or NA62x4). This
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experiment could be run for 5 years (at an intensity approximately four times higher than

the current one) to collect approximately 400 rare decays (K+ → π+νν) reaching a 5%

precision measurement of this branching ratio. This experiment leaves almost unchanged

Figure 4.10: Figure of the new straw-tubes developed for NA62 [71].

the current configuration of the NA62 (K12) beam line, with changes to be considered for

the target and the TAX. The adaptation of these components in the new configuration has

been studied within the SY-STI section at CERN. These studies show that a new target

(possibly in carbon) with pressurised air cooling and adding additional cooling in the

central region of the TAX allows to reach the desired intensity [71]. The detector of NA62

also requires some changes to run in this configuration, mainly for the GTK tracker, the

STRAW tracker, the CEDAR and the electromagnetic calorimeter. This is mainly due

to the fact that for the new (higher) rate of events the experiment might be blinded

by pile-up (this is the accumulation of two or more events that cannot be distinguished

separately by the detector). Initial considerations show that the GTK tracker can be

pushed to a resolution < 50 ps and an efficiency above 99%. The STRAW detector that

is composed of thin tubes containing gaseous material is improved reducing the tubes
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diameter (4.8 mm compared to the previous 9.8 mm, see Figure 4.10). This leads to a

trailing-time resolution of approximately 6 ns (per straw), 1 ns (for track) increasing the

rate-capability by a factor 6-8. Finally, from first estimates on the signal selection, it was

shown that the CEDAR could use H2 gas (see studies in Chapter 7) in order to reach

a time resolution of approximately 20 ps and that the electromagnetic calorimeter can

be redesigned to reach a 10 ns full width half maximum (FWHM) [71]. In addition to

these modifications, studies of the radiation shielding and the experimental hall have to

be performed in order to confirm the feasibility of this configuration in terms of radiation

protection (RP). These studies are currently being developed by the radiation protection

RP group at CERN using the model developed in Chapter 8.

4.6.4 SHADOWS

SHADOWS is a very recent project presented to the PBC commitee in 2021. This project,

proposes at the installation of an off-axis detector along the K12 beam line. SHADOWS

Figure 4.11: Top view of a CAD model with the SHADOWS detector off-axis the K12
beam line. The detector (spectrometer) is the big grey block followed by the yellow, green,
blue and red blocks next to the magnets of the beam line [72].

is a parasitic experiment, that could take data while the NA62 experiment runs in beam

dump mode. It is able to search for feebly interacting particles, created in the beam dump.
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Feebly interacting particles (FIPs) is a term that indicates all the particles whose interac-

tion with Standard Model particles is very weak (αf ≪ 1) [72]. The experiment detector

is placed about 20 m downstream of the TAX and is a standard spectrometer, composed of

a magnet, trackers and calorimeters. Because of that, the dark matter particles and their

decay products still have relatively high energies at the SHADOWS detector compared to

NA62, which final calorimeters are about 200 m downstream the TAX. This experiment

avoids the background generated by particles moving forward on-axis in the beam line

but is still affected by the many muons generated in the TAX. Studies of this background

have been developed and are reported in Chapter 8. The experiment is proposed to be

installed in the experimental hall during LS3 [72].
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Chapter 5
Simulation Tools

This chapter is dedicated to introducing the software packages used for the simulations

in this thesis work. The software is used for secondary beam line optics, background and

radiation studies. The codes that were used for these studies in the past (legacy) have

been recently replaced within the secondary beam line software migration program. The

former are presented for reference in the next section.

5.1 Legacy Software

The four major programs that have been used for studies of secondary beam lines before

the migration start in 2017 are:

• BEATCH [73] is a code that is used to generate the coordinates of beam line ele-

ments. This is an essential reference for the design, the installation and alignment

of components in secondary beams.

• TRANSPORT [74] is a tool for beam optics calculations. It calculates the elements

of the transfer matrix up to third order (the version that goes up to second order is

used in the EA-LE section) and can be used to perform matching of optics functions.

• TURTLE [75] is a tool used for particle tracking. It includes: total absorption

of particles at collimators and at magnet apertures, some particle decay processes

and calculates transmission and particle distributions (X, X’, Y, Y’, ∆p
p ). It is a

complementary code to TRANSPORT that can also produce TURTLE file inputs.

• HALO [76] is a Monte-Carlo simulation tool for muon tracking. In this code, the
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magnets, the associated field maps (applied also to the yoke of magnets) and col-

limators can be placed using a series of different predefined models. This software

can track parent particles and their decay products only.

These codes have been developed in the 70’s and 80’s in FORTRAN language and have

only been used in recent years by the EA-LE section at CERN, becoming increasingly

difficult to maintain and adapt to the evolving CERN software infrastructure. New codes

such as MADX or BDSIM (see next sections) provide indeed most of their functionalities

within one package. For this reason, even if some of the above tools are still maintained

at CERN, they are not used in this thesis. More details about the process of software

migration program can be found in Ref. [77].

5.2 MADX

Methodological Accelerator Design version 10, MADX, is a software package used in par-

ticle accelerators for beam line design and optics studies. The main functionalities of

MADX are optics calculations, matching and generation of survey layout. The source

code is written in C, C++ and FORTRAN programming languages [78]. MADX provides

tracking functionalities similar to the ones of the TURTLE code, where beam-matter in-

teractions are not simulated. MADX integrates a module, the Polymorphic Tracking Code

(PTC) [79], that is capable of symplectic particle tracking and thick lens tracking. PTC is

particularly used for small and low energy accelerators. MADX provides the possibility to

plot the calculated optics functions using the internal plotting routine. Figure 5.1 shows

the relevant elements of the matrix R calculated for the P42 beam line plotted with the

MADX standard plotting function. The output file of MADX can have different formats

and can be customised in order to contain any kind of information (usually R-parameters

or Twiss parameters are of interest). These output files (mainly in TFS and TXT formats)

are compatible with other software packages used for accelerator physics, such as BDSIM

and AppLE.py.

5.3 AppLE.py

Although MADX provides a wide range of functionalities it does not provide an interactive

graphical user interface (GUI). Secondary beam lines during operations need to be changed

repeatedly in order to find the optimal configuration for the user needs. Therefore a GUI
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Figure 5.1: Optics functions (R-parameters and Dispersion) calculated and plotted with
MADX for the P42 beam line in the North Area. On the top of the figure it can be seen
a scheme of the beam line elements.

or a tool to visualise interactively the changes of the optics in function of the lattice was

needed. For this reason the PYTHON code APPLE.py has been created in the CERN

EA-LE section for secondary beams. AppLE.py can be defined as a GUI for MADX

that gives the possibility to customise calculations or to extend the functionalities of

the latter [77]. It allows to calculate the optics functions and additionally provides the

possibility of matching optics functions directly from the GUI. AppLE.py provides the

possibility of producing tracking and optics plots directly from the GUI. The software

capabilities are currently being extended with an active contribution of the author of this

thesis. Currently, APPLE.py has been extended in order to provide relativistic corrections

at low energy, include synchrotron radiation effects and include a high number of classes

for every component commonly used in secondary beams.
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Figure 5.2: APPLE.py Graphical User Interface (GUI). On the left is displayed a panel
where the optics parameters can be set, on the right the calculated optics functions are
shown.

5.4 FLUKA

FLUKA (FLUktuierende KAskade) [80,81] is a Monte Carlo (MC) simulation software that

simulates the interaction and transport of particles in matter. FLUKA has found applica-

tions in several fields such as particle physics, astro-particle physics, radiation protection,

dosimetry and medical physics. The software is available in the form of a pre-compiled

object library and it is developed using FORTRAN. A graphical user interface to run

FLUKA named FLAIR [82] has been developed using PYTHON. FLAIR allows the user

to design components in the GUI and interactively change their characteristics e.g. di-

mensions and material. In FLAIR as well as in FLUKA every object has an associated

function (called card) and can be implemented via the use of this card. If for example a

box needs to be placed in a certain place in space, this can be achieved via a box card,

in which the positions of the vertexes of the geometry can be specified. See the definition

of three bodies in FLAIR in Figure 5.3. Via these cards it is also possible to choose the

kind of quantity that should be registered such as the radiation in a certain region, or the

flux of muons in a certain plane. FLUKA uses a set of physics processes that cannot be

completely changed; these physics processes can be partially customised via the physics

cards, that allow to introduce a certain energy cut-off (can also be a particle type cut-off)

or to add/remove a specific interaction. FLUKA provides also the possibility to create
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Figure 5.3: Three cards implemented in FLAIR. These cards create three objects (two
spheres and one cylinder) in the FLUKA geometry.

user routines in order to achieve a specific implementation not already predefined in the

software. These routines have to be written and compiled using FORTRAN. These are

useful for example in implementing custom magnetic fields (see Figure 5.4) in a certain re-

gion, custom scoring of physics quantities and custom beam source. The FLUKA software

Figure 5.4: K12 beam line designed and visualised in FLAIR. It can be seen that every
region has been assigned a magnetic field, via a routine written in FORTRAN. The field
scale is in Tesla.

has been used at CERN and worldwide for the past decades and has been benchmarked

with a large number of measurements [83]. At CERN it is currently used for all the

main experiments including those at the secondary beam lines where FLUKA is used as

a reference software for background and radiation studies.
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5.5 GEANT4

GEometry ANd Tracking version 4 (GEANT4) is an open-source platform using MC

methods for simulations of particle propagation through matter [84]. The functionalities

of this software are similar to the ones of FLUKA even if the internal structure of this

software is quite different. GEANT4 is written in C++ and provides a graphical GUI

that is not completely interactive (the geometry and events can be visualised but not

modified in the GUI). Most of the functionalities of GEANT4 are ordered into classes that

provide pre-constructed modules for geometry, events, processes and so on. Predefined

classes make the interaction with the software simple and flexible. Classes can indeed be

created or modified ad-hoc for specific applications. Geometries in GEANT4 can be built

using the standard classes or imported from other formats, such as GDML [85]. GDML

is the native import and export format for geometries in GEANT4 and is capable of

describing the full set of solids and other features as well as meshed solids, see Figure 5.5.

Geometries written in GDML have a structure proper of the Extensible Markup Language

(XML) that is a markup language that defines a set of rules for encoding documents in

a file using a format that is both human and machine readable. The description of the

Figure 5.5: GDML geometry displayed via the GEANT4 visualizer.

physics processes in GEANT4 is fully customisable: the user can decide which processes to

include (e.g. electromagnetic interactions, hadronic interactions and so on). If no process

is specified, GEANT4 simply propagates particles without simulating any interactions.

76



5.6. BDSIM

The software also provides a series of physics lists, that are packages containing a list of

physics processes. The choice of the physics lists depends on the experiment type and

is up to the user to find which ones are better suited for the specific case. GEANT4 is

a software widely used in the scientific community and at CERN. Over the years many

codes that make use of a GEANT4 core have been written, these codes make the interface

with GEANT easier, among those BDSIM, that is described in next section.

5.6 BDSIM

Beam Delivery SIMulation (BDSIM) [86] is a MC software that simulates the passage of

particles through a beam line or material. The simulation of the physics processes is based

on GEANT4 that is at the core of BDSIM. This software is written in C++ and also makes

Figure 5.6: East-Area Shielding converted to GDML from CAD using PYG4OMETRY.
Each part is given a randomly assigned colour to clearly indicate the structure of the
shielding.

use of other packages such as CLHEP [87] and ROOT [88]. A few PYTHON tools have

been written in order to extend the capabilities and functionalities of BDSIM: PYMADX,
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PYBDSIM and PYG4OMETRY [89] [90]. PYMADX is a tool that is useful to load a

Figure 5.7: Bending and quadrupole magnets defined using the standard class of BDSIM
visualized in the software GUI.

MADX output as well as to prepare MADX (or PTC) models giving the possibility to

convert it to BDSIM. PYBDSIM is a PYTHON tool that make the preparation, running

and validation of BDSIM models easier and faster. Finally PYG4OMETRY is a tool used

to easily create and convert geometries from different types of formats. See a converted

geometry from CAD to GDML visualised in BDSIM in Figure 5.6. Geometries in BDSIM

can be defined using the internal classes, see Figure 5.7. Each element of the internal classes

contains a series of parameters that allow to customise these components. In alternative

to these standard classes BDSIM can also import geometries from a series of formats e.g.

GDML (see Figure 5.8), MOKKA [91] and GGMAD. The input file format of BDSIM,

Figure 5.8: MDX magnet imported in BDSIM from a GDML file. The magnet is visualised
in the BDSIM GUI.

GMAD, is very similar to the MAD-X one, but in contrast to this it is implemented in

terms of a grammar and parser generator that limits eventual errors. Field maps in BDSIM
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are expressed in the Frenet-Serret coordinate system, contrary to the GEANT4 coordinate

system that is expressed in 3D Cartesian coordinates. Coordinate transformations between

Cartesian and Frenet-Serret are used throughout BDSIM and allow to use Frenet-Serret

coordinates in GEANT4. The output of BDSIM is in a ROOT file format and contains

by default all the information at a plane (transverse to the beam direction) at the end of

each element of the beam line. It is possible to limit or extend what information is stored

at a plane through a series of functions implemented in the software. BDSIM is a new

software with a growing community within the accelerator physics environment. It proved

to be highly useful for secondary beam lines since it gives the possibility to do both optics

and beam-matter interaction studies.
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Chapter 6
Collimation in Secondary Beams

This chapter focuses on collimator studies in the energy range of the CERN North Area

secondary beam lines. It is highly important to have a well collimated beam, especially

for high-precision experiments like those downstream of the K12 beam line. The studies

carried out in this chapter quantify the so called “skin depth”, an important factor for

precise collimation, which is defined and discussed in detail in the next sections. The skin

depth is studied for charged and neutral beams using different collimator materials and

at different momenta.

6.1 Secondary Beam Lines Collimation

Primary protons impinging on a primary target produce secondary particles, while a frac-

tion escapes from the target without interaction. The majority of the particles emerging

from the target are not useful for the experiments and they could become a source of

background. For this reason they must be stopped as soon as possible, while the rest are

transported through the downstream beam lines. In NA62, for example, up to more than

1012 primary 400GeV/c protons impinge on the primary target per extraction. On average

only a few 108 or less are finally selected. Therefore, essentially all the energy contained

in the beam is deposited on the primary TAX collimator placed directly after the target.

Materials used for collimators in secondary beam lines vary according to applications.

For example, tungsten has a nuclear interaction length of 10 cm and therefore has a high

stopping power. This combined with its thermodynamical properties, like a high melting

point, makes it a suitable material for the collimator jaws along the apertures. The bulk

materials are usually steel or copper. Materials commonly used in secondary beams are
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listed in Table 6.1 below. Some general design considerations for the collimation systems

of charged and neutral beam lines are presented in the following sections, along with some

examples from the CERN North Area [39].

Material λI (cm) X0 (cm) ρ (g/cm3) dE
dx (MeV/cm)

Be 42.1 35.2 1.8 2.9

Al 39.7 8.9 2.7 5.4

Fe 18.3 1.9 7.2 11.4

Cu 15.3 1.4 8.9 12.6

Pb 17.6 0.6 11.4 12.7

W 10.7 0.4 18.0 22.1

Table 6.1: Materials commonly used for collimation in CERN secondary beam lines with
their respective values of nuclear interaction length, radiation length, density and stop-
ping power [13]. The iron and tungsten used in this chapter, however, are alloys with a
small percentage of light materials and the values vary dependent on the exact material
composition.

6.1.1 Charged Beam Collimation

A charged beam interacting with a collimator can generate a number of secondary parti-

cles. Most of these secondary particles escape from the collimator at low energy and can

cause significant background for the experiments if not absorbed properly. Some of the

interactions in the collimator produce also neutral hadrons and photons which are harder

to suppress (neutral particle collimation will be discussed in the next section). In order

to deal with the lower-energy charged particles, the collimators are usually followed by a

number of additional cleaning collimators as well as magnets such as dipoles, quadrupoles

or sweepers (see Chapter 3). These magnets, if tuned to transport the nominal beam

momentum, will sweep the lower energy charged debris away from the downstream exper-

iment. However, high energy muons may be produced and their sweeping requires a long

lever arm. Therefore, in general it is important to implement strong collimation as far

upstream as possible in secondary beam lines. Collimators for secondary beams at CERN

are typically about 1m long, much shorter than typical focal distances in charged beam

lines at high energies. Therefore, collimator jaws are normally flat blocks. However, if a

collimator has a very small aperture and if it is located in a very sharp focus, it might use

tapered jaws. This is the case for example for Collimator 3 in the K12 beam line used for

the NA62 experiment [1], which has a nominal aperture of ±1.2mm with tapered copper

jaws before and after a flat section, as shown in Figure 6.1.
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Figure 6.1: Profile of the jaws of Collimator 3 of the K12 beam line with copper shim
plates

6.1.2 Neutral Beam Collimation

Similarly to charged beams, in neutral beam lines all collimators have to be followed by

magnets (e.g. sweeping dipoles), since the interactions of neutral particles with the ma-

terial will generate charged components. The main advantage in neutral beam is that, in

general, the magnets responsible for sweeping the charged particles can be as strong as

reasonably achievable (since they do not influence the neutral beam), while ensuring that

they have a comfortably larger aperture than the neutral beam envelope. Once again, the

sweeping should start as early as possible, especially for pions and kaons, which decaying

into muons could generate background in the downstream experiment setup. However, in

general neutral beam collimation is more delicate than charged beam collimation. Mitiga-

tion is only achievable by means of multiple collimation stages, each in turn affected by the

skin depth of the collimators used. The skin depth will be discussed in more detail in next

section, at the moment it can be understood as an additional thin layer of the aperture

of the collimator that entering particles can escape from It can be shown an example of

a cleaning collimator in neutral beam lines, such as the KLEVER one. In this example

a charged beam collides on target producing a neutral secondary beam, see Figure 6.2.

The angular acceptance cone is defined by the first collimator of inner radius R1 and skin

depth δ , located at distance L1 from the centre of the target. The acceptance angle is

thus ±θ = ±(R1 + δ)/L1. The overall beam length L is defined either by the length of

the beam line or by physics constraints (e.g. the decay length of the particle of interest).
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To mitigate scattering products from the first (defining) collimator causing backgrounds

and beam tails in the experiment, a cleaning collimator is placed after it, at distance L2

from the defining collimator and with inner radius R2, with L the distance between the

target and the cleaning collimator, L = L1 + L2. Such a layout is schematically shown in

Figure 6.2. It can be calculated, see Ref. [39], that the best collimation is reached for a

Figure 6.2: Target followed by a defining collimator of radius R1 placed at a distance L1

from the target and a cleaning collimator of radius R2 and at distance L2 from the defining
collimator [39].

position of the defining collimator at x = L1/L = 1/3.

6.1.3 Skin Depth

In previous sections the various methods used in order to reduce the flux of lower energy

particles generated from the interaction with the collimator were discussed. In addition

to this component there is a part of the beam that interacts at the collimator edge and

loses only a small amount of energy without undergoing an inelastic collision. These

particles can be accepted within the envelope depending on the momentum acceptance of

the beam line. This effect is quantified by the impact parameter also called in this thesis

“skin depth” [44]. The skin depth is the mean thickness of the layer at the collimator

edge at which the beam impacts, loses a small amount of energy and then scatters back

into the collimator aperture and is accepted within the main beam causing an additional

source of background for the experiment. A way to quantify the skin depth is to consider

the distribution of the initial impact position of such particles that manage to emerge

from the collimator edge and are accepted within the beam. This distribution follows

an exponential function, αe−αx, where α is the decay parameter. The skin depth can be

calculated from this distribution with a cut at 90% of the population as [39]:

δ =
ln(10)

α
=

2.3

α
(6.1)
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It can be seen from this definition that for a given skin depth of value δ and a collimator

with aperture of size R1, the effective aperture of the collimator, considering skin depth

corrections, will be R1 + δ, as was considered in the previous section, for the neutral

beam collimation example. It is important to take this factor into account to mitigate

scattering products from the collimators creating backgrounds and tails for the experiment

(especially for high-precision experiments, such as NA62). The impact of the alignment

of the collimators on the “skin depth” calculation was not taken into account for these

studies which aims to give a first estimation of this parameter for the secondary beam

lines at CERN. The skin depth is studied for different materials, incident momenta and

acceptance, using GEANT4 and FLUKA. The details and results obtained are presented

in the following sections.

6.2 Skin Depth Estimations for Charged and Neutral Beam

The FLUKA and GEANT4 collimator models are based on a simple block that represents a

single collimator jaw for the geometry description. The block is 80 cm wide inX and Y and

has a length of 1m in Z. It is located in the planes 0 cm≤X≤80 cm, -40 cm≤Y≤40 cm and -

50 cm≤Z≤50 cm. The incident beam has been chosen with a spatial spread of 0–8mm inX

with zero spread in Y which is sufficient to estimate the skin depth values of a few hundred

microns corresponding to one plane (X). The angular spread used is σX′
0
= 5mrad and

σY ′
0
= 0mrad to include the maximum angular acceptance of most CERN secondary beam

lines. The model can be seen in Figure 6.3 in the GEANT4 visualiser for a sample run of

five incident π+ particles following the above distribution and interacting in the collimator

jaw. The particles tracks are identified by colour as shown in the table in the figure.

The skin depth is calculated for different incident momenta, p0, where the chosen values

are representative of the CERN North Area. The number of events simulated in both

GEANT4 and FLUKA is 106. The GEANT4 simulations use the version GEANT4.10.06

and the FTFP BERT physics list. The FTFP BERT is a complete physics list in

GEANT4, it is so called because it uses the Fritiof string model and the Bertini cascade

model. The Fritiof (FTF) model transmits particles exchange assuming that one or two

unstable objects - quark-gluon QCD-strings, are produced in elementary interactions. It

propagates the interactions supposing that these strings can interact with other nucleons

in hadron-nucleus and nucleus-nucleus collisions [92]. The Bertini (BERT) model is used
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6.2. Skin Depth Estimations for Charged and Neutral Beam

Figure 6.3: Visualization from the GEANT4 model for the collimation studies showing
five incident π+ particles interacting in the collimator jaw. The particles in the shower
are identified by colour as described in the table inserted in the figure.

for parametrisation of the intranuclear cascade of hadrons and nucleons produced through

a series of interactions within the nucleus [93]. The FLUKA version used is 4-0.1 with

FLAIR 3.1-2 with a DEFAULTS card set to PRECISIO, without further cuts and using the

standard FLUKA physics. The standard FLUKA physics list distinguishes among three

main hadronic interaction types: hadron-nuclear inelastic interaction, elastic scattering

and nucleus-nucleus interaction. Quasi-elastic processes are a minor share of processes and

are not discussed here; for more detail on these see [94]. The hadron-nuclear interaction

type uses a package that includes a very detailed Generalised Intra-Nuclear Cascade and a

pre-equilibrium stage [95] at momenta below 3-5 GeV/c, while at high energies it exploits

the Gribov-Glauber multiple collision mechanism [96]. For elastic scattering FLUKA

uses a series of parameterized and tabulated interactions. Finally for nucleon-nucleon

interaction above 5 GeV per nucleon uses DPMJET-II or DPMJET-III [97], between 0.1

and 5 GeV the modified Relativistic Quantum Molecular Dynamics [98] and below 0.1

GeV the Boltzmann Master Equation [99]. The results from the different runs in the two

simulation codes are summarised below.
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6.3 Charged Beams

The first studies were done for charged beam lines. A π+ beam was simulated following

the distribution shown in the previous section. These results are anyway valid for other

charged particles such as protons and kaons since the difference in mass among these

particles is very small compared to the energy of the beam used here (above 20 GeV/c).

For the skin depth quantification only the charged particles that leave the collimator

block before the end of the 1m and reach the X < 0 region are scored. The distribution

of these particles for a 100GeV/c π+ beam incident on a 1m tungsten block in the X ′ vs

momentum space are shown in Figure 6.4 for GEANT4 and FLUKA.
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Figure 6.4: Distribution of the angle (mrad) vs momentum (GeV/c) for the charged
particles that interact at the edge of the 1m long tungsten collimator and that are accepted
within the aperture limits. The simulated beam is a 100GeV/c π+ in GEANT4 (left) and
FLUKA (right).

The outgoing beam has a low energy tail which can potentially create background for

the downstream experiments. The distribution of the initial impact point of the primary

π+ beam on the collimator for the events with such outgoing particles is shown in Fig. 6.5.

The distributions from the two software packages are in very good agreement. However,

in the experiments, not all the particles that interact with the collimator material are

afterwards accepted within the aperture and transported through the beam line. Indeed,

usually, the downstream magnets (e.g. bending ones) sweep away the lower energy tails.

Therefore, a reasonable cut on the momentum of ∆p/p < 2 % and divergence within

2mrad was set on the outgoing particles to estimate the skin depth of the materials for

the different momenta. The skin depth was then estimated from the decay constant α of

the exponential distribution as shown in Fig 6.5, after applying the acceptance cuts, as

Eq. 6.1. Fig 6.6 shows the skin depth as a function of the incident momenta for a tungsten

collimator. As seen the skin depth is directly correlated with the incident momenta for the

86



6.3. Charged Beams
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Figure 6.5: The distribution of the impact point of the 100 GeV/c π+ particle for events
where a charged particle scatters off the collimator material and is accepted within the
aperture limits for a 1m long tungsten collimator from GEANT4 and FLUKA.

lower momentum values but the effect reduces and the skin depth plateaus for momenta

greater than about 100 GeV/c.
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Figure 6.6: Skin depth calculated for different momenta using a cut of ∆p/p < 2% and an
angular cut of 2 mrad in X’ and Y’ from GEANT4 (left) and FLUKA (right).

The skin depth values are also calculated for different materials using a 100 GeV/c

π+ beam and the aforementioned cuts. These results are summarised in Table 6.2.

It can be seen that in this case the skin depth is strongly correlated with the nuclear

interaction length of the material as expected, with the values being larger for larger

nuclear interaction lengths. This is due to the fact that strong interactions, such as the

ones involved in the skin depth effect are correlated with the nuclear interaction length.
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6.4. Neutral Beams

Material GEANT4 (µm) FLUKA (µm)

Be 1106 ± 16 1092 ± 16

Al 1005 ± 15 964 ± 17

Fe 598 ± 16 616 ± 16

Cu 575 ± 14 508 ± 14

Pb 577 ± 15 556 ± 16

W 278 ± 11 306 ± 10

Table 6.2: Skin depth for a 100 GeV/c π+ beam interacting with collimators of different
material simulated in FLUKA and GEANT4

6.4 Neutral Beams

For the neutral beam simulations, a 100GeV/c KL beam was chosen with the same dis-

tribution and geometry as for the charged beam. The choice was mainly driven by the

fact that this particle type is the one used in the KLEVER experiment and has differ-

ent properties than other neutral particles; see Chapter 3 for the properties of the KL.

The charged interaction products were ignored for the studies, as they are assumed to

be removed by magnetic sweeping [67]. Figure 6.7 shows the distribution of angle versus

momentum of the neutral particles leaving a 1m tungsten collimator in the X <0 region,

for GEANT4 and FLUKA.
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Figure 6.7: Distribution showing the angle (mrad) vs momentum (GeV/c) for the neutral
particles that interact at the edge of the collimator for a 1m long Tungsten block and
are accepted within the aperture limits for a 100GeV/c incident KL beam from GEANT4
(left) and FLUKA (right).

Since in a real beam line the neutral particles cannot be swept away by the magnets,

a momentum cut is not applied in this case. Only an angular cut was used to estimate the

skin depth for different materials. Figure 6.8 shows the distribution of the impact point

for the events with incident beam accepted within the aperture limits of the collimators

after interaction. The distribution is shown for two different momenta (50 and 150GeV/c)

and angular cuts (1mrad and 2mrad). Both software packages show that the dependence
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6.4. Neutral Beams

of the distribution is stronger on the angular cut than on the incident momentum. The
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Figure 6.8: Distribution of impact point for 50GeV/c and 150GeV/c incident momenta
KL beam, for events where scattered neutral particles are accepted within the aperture
limits for two angular cuts of 1mrad and 2mrad from GEANT4 (left) and FLUKA (right)

skin depth value was afterwards calculated as a function of the incident momenta for an

angular cut of 1mrad. The results of this analysis are shown in Figure 6.9, which also

does not show strong dependence on the incident momenta for the range of values studied.

These studies were repeated for different materials. Table 7.7 shows the values for some
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Figure 6.9: Skin Depth for KL beam incident on a 1m long tungsten block at various
momenta for an angular cut of 1mrad from GEANT4 (left) and FLUKA (right)

commonly used materials for a 100GeV/c incident KL beam and an angular cut of 1mrad

for the accepted particles.

Material GEANT4 (µm) FLUKA (µm)

Be 565 ± 19 565 ± 18

Al 575 ± 20 550 ± 21

Fe 331 ± 22 351 ± 21

Cu 248 ± 19 287 ± 17

Pb 225 ± 18 310 ± 16

W 138 ± 12 180 ± 10

Table 6.3: Skin depth for 100GeV/c KL beam for different materials calculated in
GEANT4 and FLUKA
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6.5 Applications of Skin Depth Studies

Intial studies on the properties of skin depth were carried out for the collimation system of

the NA48 experiment [22], a predecessor of NA62. These studies were used for the design

and development of the experiment beam line that used a KL beam and a collimation sys-

tem composed of momentum defining, acceptance and cleaning collimators. The positions

of each collimation component was calculated precisely using the skin depth definition

as shown in previous sections. Another future possible experiment using a KL beam is

currently being considered for the Physics Beyond Colliders (PBC) program at CERN [3],

this experiment is KLEVER [67], see more details in Chapter 4 and 8. KLEVER aims to

use a KL beam, as NA31 and NA48 did in the past. For this experiment the character-

isation of the skin depth to design the collimation system is once again fundamental for

a successful run. In particular, to select the material that would best suit the collimation

needs of the experiment knowing the value of the skin depth parameter is crucial.

6.6 Results Summary

This chapter summarises the effect of the interactions of secondary beam particles in col-

limators and quantifies the impact parameter “skin depth” for different incident momenta

and materials. The detailed simulation studies have been performed for charged and neu-

tral beams to estimate this parameter with the goal to provide a useful tool for secondary

beams design. The skin depth is of particular importance and needs to be taken into

account in the design of defining and cleaning collimators. Using this parameter helps to

mitigate the background from the scattering products for the downstream experiments.

It has been shown that the skin depth is directly correlated with the nuclear interaction

length of the material for both neutral and charged particles. Moreover it does not de-

pend strongly on the initial beam momentum (for the range considered, between 20 and

300 GeV/c) but varies considerably with the beam line acceptance, e.g., the momentum

and angular cuts. Although some studies on this impact parameter and beam collimation

have already been done in the past, e.g., for NA31 as well as in the context of colliders [100],

no exhaustive studies have been developed before for secondary beam lines with a precise

definition of skin depth. Simulations presented in this section show a good agreement

between GEANT4 and FLUKA providing a useful input for future design of collimators

in the CERN East and North Area and can be extended to other beams that use a similar
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6.6. Results Summary

energy range. Further investigations on the effects of collimator misalignment on the skin

depth values are being carried out and will be presented in future.
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Chapter 7
Studies of K12 in the NA62 configuration

A general overview of the NA62 experiment was given in Chapter 4. The present chapter

discusses in detail the K12 beam line and the 3-D Monte-Carlo (MC) simulation models

created for its better understanding. These models are developed in FLUKA and BDSIM

and are mainly used to study the beam and the background in the NA62 experiment.

Preliminary studies of the optics are presented in the beginning of the chapter where a

MADX model is described and compared to BDSIM.

7.1 Proton transport to K12

The NA62 experiment makes use of 400 GeV/c protons colliding on target for studies on

rare kaon decays, see Chapter 4 for more details. These protons are slowly extracted from

the SPS thanks to a system of strategically positioned quadrupoles and electro-magnetic

septa [102]. The recent maximum extracted proton flux to the whole North Area is about

3.5× 1013 ppp (protons per pulse), but the aim is to reach 4×1013 ppp in the future. From

the SPS, protons are first transported to the TT20 and TT24 beam lines before reaching

the P42 beam lines and finally K12 [103]. A schematic view of the SPS beam lines in the

North Area can be seen in Figure 7.1. It can be seen that between the TT24 and the

P42 beam line there is the so called T4 wobbling station. This contains the T4 target

that generates the beams for the H6, H8 and P42 beam line. H6 and H8 provide hadron

and electron beams, that can also generate low or medium intensity muon beams and are

mostly used for test beam activities. Normally the protons impinging on the T4 target are

directed towards the P42 beam line and the secondaries produced in the target provide

secondary or tertiary beams in H8 and H6. Also in Figure 7.1, it can be seen the T6 target
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7.2. The K12 beam line

Figure 7.1: Scheme (not to scale) of the beam line structure in the North Area [101].
The T4 target is followed by the P42, H6 and H8 beam lines. The P42 beam line drives
protons onto the T10 target where they interact and generate kaons which are selected in
K12 before reaching the experiment detector. The other beam lines are used for test beam
purposes or serve the experiments highlighted in the picture. Cedar is a gaseous detector
mainly used in the North Area for particle identification.

that produces the M2 beam for the COMPASS [61] experiment in the EHN2 hall and the

T2 wobbling chamber provides the beam to H2 and H4 that are, among others, used by

the NA64 and NA61 experiments, respectively.

7.2 The K12 beam line

The TT20, TT24 and P42 beam lines are beam lines composed mainly of quadrupoles and

dipoles. Protons entering the P42 beam line, that is approximately 900 meters long, are

afterwards led to collision on the so called T10 target. The centre of the T10 beryllium

target (2 mm in diameter and 40 cm long) is defined as the start of the K12 beam line.

The T10 target is contained inside massive iron shielding and is followed by two fixed

collimators. The beam passing through these two collimators is focused by the first series of

quadrupoles through the first “achromat” that is a double-dogleg of four bending magnets.

The achromat lets the beam pass through a narrow aperture in the main dump-collimator,

the TAX, that permits a narrow band momentum selection of ±1% ∆p/p. In the TAX the

remaining primary proton beam is dumped. In the next part of the beam line, the beam
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7.2. The K12 beam line

is collimated and re-shaped to become parallel at the CEDAR. This detector is filled with

nitrogen gas over a length of approximately 6 meters and is used for positive kaon tagging.

After the CEDAR detector the 75 GeV/c kaons go through a second achromat and are

precisely measured via three tracking stations, the GTK 1-3, composed of Si-pixel arrays.

Before GTK3 a horizontal steering magnet, called TRIM5, serves to deflect the beam by

an angle of 1.2 mrad to match the downstream spectrometer design [50].
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7.3 Optics Studies for K12

The first step of the studies developed for K12 is focused on the beam optics. These

studies are carried out in MADX and BDSIM. In order to define a beam line in MADX

only the information on the normalised field strengths and the lengths of all magnets is

needed. The transverse size and the aperture of the magnets can be specified but are

not taken into account for the optics calculations by the software. This is also true for

collimators that can be declared as placeholders in the beam line, but do not interact with

the beam. MADX performs optics calculations based on matrix multiplication, where the

propagation matrices are derived from the field strength specified for the magnets. One of

the standard outputs of MADX is in Twiss format, a file that contains all the information

that can be derived from the Twiss parameters, see Chapter 3. A MADX Twiss file can

easily be converted into a BDSIM model for optics comparison using the functionalities of

the PYMADX [104] software. The BDSIM model created from the MADX model contains

magnets that use the standard classes defined in BDSIM (see Chapter 5 for the BDSIM

geometries). After having created these first two models the simulations can be run. In

this case since the beam-matter interaction is not taken into account there is no need to

specify a physics list in BDSIM.
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Figure 7.2: Dispersion functions in the X and Y planes as function of distance along the
beam calculated for 106 primary particles. Continuous line for MADX, points for BDSIM.

The comparison between MADX and BDSIM is particularly interesting, since the

two codes use a different approach to the optics calculations. MADX uses the aforemen-
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Figure 7.3: Beta function in the X and Y planes as a function of the distance along the
beam calculated for 106 primary particles. Continuous line for MADX, points for BDSIM.

tioned matrix multiplication method, whereas BDSIM instead tracks all the particle in

the lattice, extrapolating afterwards the optics parameters such as dispersion and beam

size. The simulated beam for these studies is a 75 GeV/c positive kaon beam with 106

primary particles. The comparison plots can be created using PYBDSIM [105]. On the

top of the plot of Figure 7.2 one can see a schematic of the beam line. In this survey the

blue blocks represent dipoles, the red ones quadrupoles and the black ones the collimators.

It is demonstrated in Figure 7.2, thanks to the dispersion curve, that most of the dipoles

do not apply a bend and are used as muons sweepers for cleaning the beam from the

background particles. The achromats bend in the vertical plane and produce a change

in the dispersion visible at the locations around 15-35 m (for momentum selection) and

80-100 m (for spectrometry) along s. The beta-Twiss function along the beam line can

also be plotted, see Figure 7.3. This function is related to the beam-size (σ) of a Gaussian

beam via the relation σ =
√
ϵβ + (∆p/p)2, where ϵ is the emittance of the beam and p the

momentum. MADX results are plotted with solid lines, whereas BDSIM’s are represented

with points at the end of each sampling plane (end of every beam line element). It can be

noticed that there is a good agreement between MADX and BDSIM within the relative

error-bars. These results are important in order to verify the compatibility of BDSIM and

MADX, since MADX is the main software used for optics design at CERN. These studies

are followed (see next section) by the creation of a 3-D model in BDSIM and FLUKA

that replicate all the single components of the beam line. These models will be used for

96



7.3. Optics Studies for K12

background studies on NA62.
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7.4 K12 3-D Monte-Carlo models

NA62 is a high precision experiment. Therefore, MC simulation models need to be precise

enough to adequately describe the data, study the various sources of backgrounds for

the experiment and quantify the generated radiation dose (on shielding and outside the

experimental hall). Two models have been created for this purpose, one in FLUKA and

one in BDSIM. The two models have different applications: FLUKA is used for radiation

studies (currently being studied by the CERN Radiation Protection group), thermal effects

on materials and characterisation of background events generated by beam interaction with

the residual gas of the vacuum tank, see Section 7.9. BDSIM is used for the characterisation

of the muon background generated at the NA62 detector. The fact that these two models

cover different scopes leads to partially different structures of the two: the FLUKA model

includes a more detailed experimental hall geometry to take into account every possible

source of radiation as is shown in the rest of this section.

7.4.1 K12 components

The K12 beam line contains a number of magnets, collimators and detectors (also vessels

and windows that are not included in the models). There are nine different magnet

models, all with different apertures, yokes and coils, see Table 7.1. Magnet yokes are

made out of iron and the coils out of copper. Copper density varies somewhat between

the different magnet types. The reason for it is that the coils contain internal pipes that

are used for water-cooling and have different shapes for each magnet type. The collimators

used are eight in total (including the TAX) and have all different shapes and apertures,

see Table 7.2. The detectors in K12 are only two, the CEDAR and the GTK, already

discussed in Chapter 4. There are also some other detectors used for beam tuning and

scanning such as the FISCS, MWPC and XION that are not included in this model [39].

7.4.2 FLUKA and BDSIM models

The design of the 3-D elements for the MC models have been executed in FLUKA (using

FLAIR) and in BDSIM (using GDML geometries) following the technical drawings and 3-

D models available at CERN (in CATIA format [106]). The main differences between the

design in BDSIM and FLUKA is that in FLUKA the components are designed in a unique

file using a global reference frame that has a fixed origin; while the GDML geometries
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Magnet
Type

Magnet
Name

Half-Aperture 1
(cm)

Half-Aperture 2
(cm)

Yoke Length
(m)

Quadrupole QNR 3 - 3

Bending MDX 5.2-10 8 0.4

Bending MTR 3.6 25 3.6

Quadrupole QNL 4 - 3

Bending MBPL 11-20 20 2

Quadrupole QFS 5 - 0.8

Bending MCB 8 16 2.5

Scraper SCR 3 14 5

Bending MNP 120 160 1.3

Table 7.1: List of magnets used in the K12 beam line. The Half-Aperture 1 and 2 param-
eters for the bending magnets and scraper are relative to the aperture height and width
respectively. For the quadrupoles instead, only one parameter (Half-Aperture 1) is needed
to quantify the radius of the aperture.

Collimator
Type

Collimator
Name

Half-Aperture 1
(cm)

Half-Aperture 2
(cm)

Length
(m)

Circular Aperture CuCol 0.75 - 0.95

Circular Aperture TCX 1.4 - 1.6

Circular Aperture TAX 0.75-1.4 - 3.2

2-jaw collimator XCSV 1.7 - 1

2-jaw collimator XCSH - 2.5 1

2-jaw collimator XCSV 0.15 - 1

4-jaw collimator XCSHV 1.5 2.7 1

Rectangular Aperture TCX 2 3.8 1.2

Table 7.2: List of collimators used in the K12 beam line. The Half-Aperture 1 and 2
parameters for the 4-jaw and rectangular collimators are relative to the aperture height
and width respectively. For the circular collimators instead, only one parameter (Half-
Aperture 1) is needed to quantify the radius of the aperture. The 2-jaw collimators,
collimate only vertically or horizontally, Half-Aperture 1 represents a vertical aperture,
while Half-Aperture 2 the horizontal aperture.

have to be designed independently (single file per geometry). In a GDML file the origin of

the reference frame is fixed by the first component defined in the geometry, all the other

parts are positioned relative to the first.

The magnetic field of the K12 magnets are mostly defined by two-dimensional field maps,

there is only one three-dimensional map that is used for the MNP (called also MNP-33)

magnet. These fields were simulated using the OPERA software or extracted from the

HALO software (see Chapter 5). The maps need to be reshaped in order to fit the structure

adopted by FLUKA and BDSIM; this was achieved with the use of PYTHON and C++
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scripts. BDSIM uses predefined classes for importing field maps and integrating over the

length of the magnets. It is possible to choose from different types of interpolators and

integrators in BDSIM. For these simulations a linear interpolation was used and a classic

4th order Runge Kutta integrator [107]. FLUKA does not provide a predefined function

to import field maps from a file and therefore a FORTRAN routine was written in order

to linearly interpolate the field in space and assign it to the right regions.

7.4.3 K12 beam line development

The first part of the beam line designed is the container of the target (called BAC) fol-

lowed by the quadrupoles (QNRs) and the MDX magnet that is a trimmer magnet, see

Figures 7.4, 7.5 and 7.6. These models are prepared in FLUKA and BDSIM using the

approach described above and assigning the correct material to all the components.

Figure 7.4: First few elements of the K12 beam line visualised in CATIA. The T10 con-
tainer (called BAC) is followed by the TCX collimator and three quadrupoles (QNRs)
plus a small trimmer (MDX).

The BAC and the TCX are composed of the same material, an iron alloy. The

collimator contained in the BAC is made of a copper alloy (CuZrCr), while the target

(T10) is made of beryllium. The T10 target has been approximated in the simulations by

a straight cylinder of 2 mm diameter and 40 cm length. In reality T10 is composed of

four Beryllium rods that are disposed one after the other and are held by thin (25 µm)

aluminium foils (that have not been included so far in the model). After the TCX there are

three quadrupoles, the QNRs, and a trimmer magnet, the MDX. Following these magnets

there is the first achromat and the TAX, see Figure 7.7. The TAX can be divided in two
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Figure 7.5: First few elements of the K12 beam line modelled in BDSIM using GDML
components. The T10 container (called BAC) is followed by the TCX collimator and
three quadrupoles (QNRs) plus a small trimmer (MDX). By default BDSIM plots all
the components imported from GDMLs in grey and the color can be assigned afterwards
without matching the material of the geometry.

Figure 7.6: First few elements of the K12 beam line modelled in FLUKA using FLAIR.
The T10 container (called BAC) is followed by the TCX collimator and three quadrupoles
(QNRs) plus a small trimmer (MDX). By default FLUKA plots all the components using
a color that is assigned internally to the type of material.

main modules (TAX1 and TAX2) that can be moved vertically independently. Each part

is made of four blocks in which three holes are drilled. The first two blocks of the first

module are made out of copper and the following two are made out of iron. The blocks of

the second module are all made of iron. The holes of the TAX are either filled or shaped

using tungsten inserts, this allows to move the two vertically with respect to the two

modules of the TAX in order to achieve different particle selection or dumping (in case no

hole is aligned). NA62 uses the configuration of the TAX where the beam passes through

the central hole of both TAX modules and the other unwanted particles moving away
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Figure 7.7: Front view of the two modules of the TAX. All the holes are filled with tungsten
inserts, these are either open (with a white circle in the centre) or completely closed [50].

Figure 7.8: 4-jaw collimator of the K12 beam line visualised in BDSIM. The collimator
has four jaws that can be adjusted in order to reach different apertures. This component
contains tungsten shim plates in the internal part (in green) and is made of iron.

from the reference trajectory are dumped on the TAX. The achromat is followed by three

more quadrupoles (QNLs), three more MDXs and three collimators. The collimators are
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Figure 7.9: MCB magnet designed in FLAIR and relative magnetic field. It can be seen
that in the centre of the magnet there is a field-free passage for the central beam.

Figure 7.10: MCB magnet photograph available in the CERN NORMA database [108].

in iron and contain tungsten or aluminium plates in the central region in order to optimise

the reshaping of the beam. This part of the beam line is followed by three MBPLs, that

are sweeping magnets. These are bending magnets with an iron insert in the central gap

with a small hole in order to create a field-free region for the central beam and to sweep

the muons passing through the yoke. These sweeping magnets are followed by two more

quadrupoles, two MDXs and a 4-jaw collimator (see Figure 7.8) before the CEDAR. The

latter is represented in the simulation models with a volume of gas and does not contain

any additional material. After the CEDAR, there are two focusing quadrupoles (QFS)

that focus particles through the last achromat onto the main NA62 detectors. The last

achromat is composed of four C-shape bending magnets (MCBs) and a scraper that has
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Figure 7.11: YZ view of the MNP magnet and the relative field map visualised in FLAIR.

Figure 7.12: K12 model in BDSIM and FLUKA. In FLUKA the magnet’s fields are shown.

the role to sweep the remaining muons in the beam line using a toroidal field in the magnet

yoke. One of the MCBs is shown in Figures 7.9 and 7.10. In the last achromat there is the

GTK that is represented in the simulations by very thin layers of silicon, approximately

200 µm. The GTK is divided in three stations and tracks the beam going through. After

the achromat there is a final massive collimator, and the final trimmer that gives a kick
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to the beam in order to match the detector orientation downstream. Two more magnets

have been implemented in the beam line model that are not in K12 but are still part of the

NA62 experiment, the large MNP magnet, that is used with the STRAW spectrometer

and the final bending magnet, and a final MBPL that separates the remaining beam into

a neutral (that must be vetoed by the SAC calorimeter) and charged component before it

reaches the beam-dump placed at the very end of NA62, where the final beam is completely

absorbed. The field of the MNP magnet is three-dimensional (see Figure 7.11) and for

this purpose another routine had to be written in FLUKA in order to generate a tri-linear

interpolation. The full models of the K12 beam line have been assembled following a

BEATCH file as a reference for all the positions. The complete model of the finalised

high-detail K12 beam line can be seen in Figure 7.12.

7.4.4 Shielding, experimental hall and detector design

After this first design step, the models have been extended to include the shielding blocks

surrounding the beam lines, the experimental hall and the NA62 detector. These compo-

nents do not directly impact the composition of the 75 GeV/c positive beam, but play a

role in the characterisation of the halo particles that propagate outside the reference path.

This is of particular relevance for particles that contribute to the experiment background,

such as muons, that represent the main contribution to the NA62 background. The K12

Figure 7.13: K12 shielding model visualised in CATIA.

shielding is composed of rectangular blocks closely surrounding the beam line. These are

mainly made of concrete, but iron is also used in the higher radiation areas, such as the

region of the first achromat. These blocks cover a length of approximately 40 m. Three

consecutive concrete walls are placed downstream the blocks, and provide extra screening

for particles at large angles, see Figure 7.13. The shielding was first drawn in FLAIR
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Figure 7.14: K12 shielding model and visualised in BDSIM.

and implemented in the FLUKA model and afterwards converted to GDML thanks to the

functionalities software PYG4OMETRY, see Figure 7.14. This geometry is one of the first

ones converted using this software and served to test the capabilities of PYG4OMETRY

when it was still in development [89]. The conversion from FLUKA to GDML format is

indeed not trivial and requires a complex algorithm to be developed.

The detector design was executed in BDSIM and FLUKA using all the detector elements

described in Chapter 4. The information of the density of each material was retrieved

from the NA62 techical design report [50]. The density for gaseous detectors was calcu-

lated using the ideal gas law. For some layered detectors, such as calorimeters, an average

density was calculated and used for the full component. The cavern in BDSIM was drawn

Figure 7.15: Beam line and detector placed within the ECN3 experimental hall visualised
in BDSIM.

using two layers, one layer of concrete that represents the walls surrounding the beam line

and one layer of soil that surrounds the concrete layer. Indeed, for the background studies
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done in BDSIM the walls of the cavern are the most important element since they can

contribute to the adding more background events. The soil, being the most external layer,

does not influence the flux in the experiment but rather in the region outside the cavern.

One of the purposes of the FLUKA model is to be used for radiation studies, therefore

a high detailed model of the shielding is required (see Figure 7.16); it is indeed in the

interest of the experiment to study all together with the radiation in the experimental

hall also the radiation that is produced in the external environment. This model is in fact

currently employed by the Radiation Protection group at CERN in order to estimate the

radiation levels reached in the area outside the experiment.

Figure 7.16: Beam line and detector placed within the ECN3 experimental hall visualised
in FLUKA.
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7.5 Studies of the K12 beam

The first studies carried out using these models are based on the characterisation of the

75 GeV/c positive beam. These studies aim to compare the beam obtained from the

simulations to data and benchmarking the two models. The beam size and angular dis-

tribution are the observables that are used for this purpose in this section. For the first

studies, in order to limit computation time, proton interactions on target have not been

propagated. Instead, a K+ beam distribution after the target has been assumed with

parameters obtained from sensitivity studies.
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Figure 7.17: 2-D angular distribution of the positive kaon beam at the GTK3 from NA62
data of 2018.

These studies helped in the calculation of the initial maximum angle and position

at which primaries would still be propagated through the beam line. For these studies,

the version 2011-3.0 of FLUKA and 3.0-8a of FLAIR were used. Also, BDSIM version

1.4 with GEANT4.10.4.p03 and GEANT4 physics list FTFP-BERT. 107 primary particles

(K+) were run for both BDSIM and FLUKA.

One of the observables in the experiment is the angular distribution of the beam at GTK3.

This observable is particularly interesting, since the beam needs to be kicked by exactly

1.2 mrad by the last trimmer magnet (TRIM5) in order to match the detector downstream.

Data for beam distributions (angular and spatial) were provided by the NA62 collaboration

in order to benchmark the simulations. A scatter plot of the angular distribution measured
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by NA62 at the last GTK3, after the last trimmer, is depicted in Fig. 7.17. The one-

dimensional projections on the X and Y axes of the data are shown together with the

results from FLUKA and BDSIM, both normalised to the integral on Figure 7.18.
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Figure 7.18: Angular distribution of the beam at the GTK3. The X and Y projections
of the data and simulations (in BDSIM and FLUKA) can be seen on the left and on the
right, respectively.

It can be seen that the particles following the kick of TRIM5, correctly distribute

around the expected 1.2 mrad direction in the horizontal (X) plane at GTK3. While

regarding the Y axes, the beam is distributed around zero, as expected. Table 7.3 lists

directional and spatial beam parameters at the GTK3. Average X and Y (X,Y ) and their

RMS are reported for measurement data, FLUKA and BDSIM.

Table 7.3: Beam Parameters at GTK3
POINTS X Y RMS X RMS Y

FLUKA ANGLE [mrad] 1.21 -0.04 0.12 0.11

BDSIM ANGLE [mrad] 1.21 -0.02 0.11 0.11

DATA ANGLE [mrad] 1.21 -0.01 0.11 0.09

FLUKA BEAM [cm] 0.04 -0.02 1.01 0.66

BDSIM BEAM [cm] 0.03 -0.02 1.01 0.60

DATA BEAM [cm] -0.01 -0.01 1.05 0.58

The curves show some differences, in particular, concerning the Y direction curve.

This kind of discrepancy could be caused by the muon sweeping system of K12 that is made

of MBPLs. For these a 0 field in the aperture is assumed in the simulations, but in reality

a residual field (of a few milli-Tesla) is always present. Even such a low field could lead to

a discrepancy of the order of what is shown in Figure 7.18. The small difference between

FLUKA and BDSIM is instead probably given by the different implementations of fields

in the codes. In FLUKA the field maps are attached to a box containing the full magnets

geometry while in BDSIM the field is attached to the geometry of the magnet directly;

this implementation could lead to the discrepancy seen in Figure 7.18. The differences
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in results between the two codes are negligible if compared to the precision reached with

previous software for the K12 beam line; therefore the agreement is considered satisfactory.
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7.6 Studies for the CEDAR detector

After checking the compatibility of the models for the beam characteristics, more studies

were done to check the beam characterisation at the CEDAR detector, see Chapter 4. In

NA62, kaons cannot be separated from pions and protons at the beam level [109]. For this

reason the CEDAR detector is needed to perform particle identification. In the current

configuration, the CEDAR uses nitrogen at 1.73 bar, but this detector could work almost

as well with hydrogen at 3.85 bar. The aim of these studies is to calculate the divergence

that the two possible configurations would generate. Divergence needs to be minimised

for various reasons, in particular: to avoid showers produced by particles at large angles

and to reduce the emitted radiation affecting NA62 electronics.

0.3− 0.2− 0.1− 0 0.1 0.2 0.3
Direction in X [mrad]

4−10

3−10

2−10

N
or

m
al

is
ed

 E
nt

rie
s

Before cedar 

After cedar with N2

After cedar with H2

0.3− 0.2− 0.1− 0 0.1 0.2 0.3
Direction in X [mrad]

4−10

3−10

2−10
 N

or
m

al
is

ed
 E

nt
rie

s

Before CEDAR 

After CEDAR with N2

After CEDAR with H2

Figure 7.19: Angular spread of the beam before CEDAR and after CEDAR with N2 and
H2. Simulations in FLUKA on the left and BDSIM on the right.

The divergence is calculated as the RMS of the angular distribution for the curves

shown in Figures 7.19. The RMS parameters are reported in Table 7.4. It can be seen

from the simulation curves that the angular distribution is slightly narrower according to

BDSIM [110]. In both cases the nitrogen filling of CEDAR causes a wider spread, visible

especially for the tails of the distributions. For these reasons the use of hydrogen for this

detector was considered. These results led to the preliminary conclusions that hydrogen

could reduce the background for the experiment and therefore a new CEDAR adapted to

this gas was recently purchased. The tests of this detector are foreseen to take place in

2023.

Table 7.4: Divergence (RMS of Angular Distribution) Before and After CEDAR
DIVERGENCE Before CEDAR H2 CEDAR N2 CEDAR

FLUKA [µrad] 82.17 83.38 88.27

BDSIM [µrad] 68.46 69.98 75.46
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7.7 Muon Studies in K12

Another step in benchmarking the two models is to compare particles that do not be-

long to the 75 GeV/c positive beam of K12 and are produced by particle interactions

with the beam line material and subsequent decays. This is the case of muons, which

play a fundamental role in the NA62 background studies. The characterisation of the

muon distribution is particularly useful for the main K+ → π+νν decay, where the decay

K+ → µ+νµ represents the main background source, however not the only one. This type

of background influences indeed the tests of lepton universality, done via the precise de-

termination of the underlying form factor parameters and branching fraction of the kaon

decay mode K+ → π+µ+µ− [111], as well as dark matter candidate searches in beam

dump mode [70] (see next chapter for dark matter experiments).

The muons in K12 are mainly created by the interaction of protons on target and on the

TAX collimator that generate π±s decaying into muonic channels. As seen in the previous

section, these are swept away mainly by the MBPLs that allow a reduction of a factor

10 in muon flux intensity. Muons that survive the sweeping and are produced by decays

downstream of the scraper can still generate the main background in the experiment.
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Figure 7.20: XY distribution of muons simulated in FLUKA and BDSIM scored at the
plane after the third MBPL magnet (MBPL3).

Table 7.5: Muon beam distribution characteristics along the K12 beam line at various
locations.

Location Software Number of Particles X Y RMS X RMS Y

MBPL3 BDSIM 5072 -1.98 -7.95 36.44 32.55

MBPL3 FLUKA 4572 -2.64 -7.17 37.28 33.54

GTK3 BDSIM 858 -8.07 3.19 52.51 39.96

GTK3 FLUKA 758 -11.19 -5.24 52.51 46.13

MUV3 BDSIM 334 -5.16 0.11 24.71 25.79

MUV3 FLUKA 265 -5.64 1.27 20.63 21.66
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Figure 7.21: XY distribution of muons simulated in FLUKA and BDSIM scored at the
plane after the third GTK station (GTK3).

The muon distribution at various locations in the beam line can be compared be-

tween the two models, built in FLUKA and BDSIM. These studies are done with 106

protons on target using the same physics lists and software versions mentioned in the

previous section. A comparison of the muon distribution in the transverse plane XY after

the third MBPL (MBPL3) and the third GTK station (GTK3) is depicted in Figure 7.21.

These plots demonstrate that the muon distribution pattern is similar and comparable

between the two codes. This is the first step for the two software particle production

benchmarking. A detailed study of the muon distribution is currently ongoing within the

NA62 Monte-Carlo simulation group that is using the BDSIM model for this purpose, see

next section.
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7.8 Beam Background Simulation Studies in BDSIM

This section covers the comparison of the BDSIM model for muon distribution studies with

the data from the NA62 experiment, the so-called muon halo distribution. The simulation

was run with protons colliding on the T10 target. For the high-statistics simulation of the

whole K12 beam-line, the BDSIM version 1.4 compiled with GEANT4.10.6.p02 was used,

employing the physics list QGSP FTFP BERT. The initial p = 400 GeV/c proton beam

is placed right before the target using beam parameters taken from a previous K12 beam

line simulation study [70]. After colliding with the target, the protons produce several

secondary particles that are further propagated through the BDSIM-K12 beam line model

until the upstream face of the NA62 CEDAR detector. After the CEDAR the informa-

tion about all the particles is stored at this specific z-position using a ROOT format.

This information is afterwards used as an input for the NA62 Monte-Carlo (NA62MC)

software [112], also based on GEANT4.10.6.p2, that takes over this particle information

and propagates them downstream through the full detector setup. The generated hits

in the sensitive detectors of the NA62MC are sent to the NA62 reconstruction software.

There, the detector hits from simulated (forced) kaon decays are overlaid with those hits

from the simulated muon background, taking into account the probability of an event

with at least one muon produced in a proton-on-target (POT) interaction. The time lapse

for overlaying the hits in this manner, including also hits from other beam background

sources as described before, is ± 400 ns. After this process, the reconstruction software

then generates the hit events according to the real detector read-out system procedures

and finally creates output similar to track information reconstructed from real data. For

these studies, 4.7 · 1010 POT events were simulated on the CERN HPC farm [113]. In

the rest of this section, BDSIM denotes the combined BDSIM and NA62MC models. The

first investigation for this model is done on the relative contribution to the total charged

particle rates of particles with momentum in the range of 60 < p < 80 GeV/c scored at

the CEDAR detector. Table 7.6 shows that the values obtained with BDSIM are com-

parable to the Atherton parametrisation based on measurements and interpolation made

at the CERN North-Area [37]. The contribution of particle rates outside this momentum

range is negligible. The agreement is satisfactory within expectations, when looking at

the total rates of the different particles. The proper simulation of the additional parti-

cle rates besides the kaon rate in the beam is essential for the study of the background
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induced additionally by particle decays, i.e. predominantly by those of pions, as well as

by particle production due to inelastic interactions with the beam line material. Material

interactions can also cause particles to scatter into the sensitive detector volume, trigger-

ing extra detector activity that needs to be evaluated to isolate it from the activity from

decay products.

Particle Atherton [MHz] BDSIM [MHz]

π+ 525 (70 %) 478 (70 %)

p 171 (22 %) 159 (23 %)

K+ 45 (6 %) 44 (7 %)

Total 750 (100 %) 681 (100 %)

Table 7.6: Particle rates (and relative contribution) in the 75 GeV/c mean momentum
beam at CEDAR plane from estimates based on measurements in [37] and in the BDSIM
simulation.
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Figure 7.22: Rate of halo muons as function of charge times momentum. BDSIM results
combined with NA62MC are displayed as black circles (solid), the other markers represent
NA62 data from different recording periods of Run 1.

The muon rates cannot be directly measured at or close to the CEDAR plane, that

is the transition point between BDSIM and NA62MC, in the period between 2016 and

2018 (Run 1). With more detectors installed in 2021, however, this will become possible

and comparison studies in this plane will be done for the data acquisition period between
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2021 and 2024 [114]. For the studies presented in this chapter, an analysis strategy was

implemented to select the halo muons, defined as the muons out of experiment trigger

time, that hit the gaseous tracking detector (STRAW) and the MUon Veto 3 (MUV3)

detector. More selections were applied according to the ratio of energy over momentum

E/p as well as the geometrical acceptance of the detector. Figure 7.22 shows the charge

times momentum distributions of halo muons from NA62 data for the 2018 data acquisition

period, together with those from BDSIM simulation. For positive muons, the comparison

between BDSIM simulations and data shows a good agreement as depicted in Figure 7.22.

The negative muons are well described by the simulations up to momenta of p = 40 GeV/c.

For higher momenta, between 40 − 100 GeV/c, a clear difference is visible, even if the

curvature of the data is approximated by the BDSIM simulation. For momenta above

p = 100 GeV/c, the spectrum in BDSIM is higher than in data. This type of effect

could be caused by the GEANT4 physics list and the underlying particle production and

fragmentation models. Further investigations for the use of alternative physics generators

to be used in BDSIM are currently ongoing. Since the observed disagreements in the

momentum spectra are predominantly present at low rates, the total rate of halo muons

in BDSIM agrees well with that from NA62 data and the total negative muon halo rate

only differs from data by 10% (see table 7.7).

Particle NA62 2018 data [kHz] BDSIM [kHz]

µ+ 124.0 ± 0.1 124.5 ± 0.2

µ− 82.4 ± 0.1 74.6 ± 0.1

Total 206.4 ± 0.1 199.1 ± 0.2

Table 7.7: Muon halo rates measured in NA62 2018 data and in BDSIM simulation.

Figure 7.23 shows the spatial distribution of the halo muons (selected as explained

before) projected onto theXY plane at the end of the final NA62 collimator (z = 101.4 m).

This figure shows again that the BDSIM beam line simulation is reproducing well the

positive muon halo distribution. The high rate locations with positive and negative X

(upper row in the figure) present in data are also visible in the simulation. The ratio of

data to MC in the lower row of the figure shows that the rates per quadrant are of similar

order. For negative muons, however, substantial differences are observed. In particular, as

depicted in Figure 7.23 an enhancement at positive X and a deficit in the region around

the central bin can be noticed. Taking into account the discrepancy of the momentum

distribution at high momenta, the difference in the region around the central beam axis
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Figure 7.23: Rate of selected halo muons in the NA62 STRAW detector projected onto
the XY plane at the end of the final collimator z =101.4 m. The upper row shows results
for µ+ from BDSIM simulation in combination with NA62MC on the left and from NA62
data from 2018 on the right. The lower row shows the ratio of the simulation to data for
µ+ on the left and µ− on the right respectively. The empty bin at the centre of the plots
is the region where the central beam passes.

could be explained with the underestimation of the rates at p = 40− 100 GeV/c. Such an

effect could be attributed to the field strength of the muon sweeping magnets, the exact

value of the field in these magnet is indeed not known to a high precision and can be

therefore not reproduced by simulations. The excess at positive X, though, cannot be

interpreted in a similar way and has to be further studied [114].
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7.9 Beam-Gas Generated Background

Previous studies of the background for the NA62 experiment showed that background

signals can be produced by the interaction of particles in the vacuum tank (see Chapter 4)

of the NA62 detector [115]. This effect is particularly relevant when it generates a signal

that can be mis-tagged as a kaon decaying into a positive pion and two neutrinos. This

kind of event can be generated when a particle decays into a positive pion, detected by

the STRAW-tracker, and other particles that are not detected. The non-detected particles

would look like two neutrinos, which do not generate any signal. One of these events can

be generated by a KS , generated by a positive kaon hitting a gas molecule, decaying into a

positive and a negative pion (see Figure 7.24) with (the positive pion) hitting the STRAW

detector and the negative pion not being detected. This type of event is particularly

relevant since the kaon short decays very shortly after being produced (the kaon short

lifetime is of 8.954± 0.004× 10−11 s) and could not be distinguished from a positive kaon

that decays into the πνν channel.

K+

𝐊𝐬
π+

π−
Gas Particle

Figure 7.24: Scheme of a positive kaon interacting with a gas particle and producing a
kaon short that decays into a positive and a negative pion.

These kinds of effects are simulated in FLUKA. The interaction of the positive kaons

with the residual gas of the vacuum tank is a very rare process; the pressure in the tank

is indeed 10−6 mbar. The simulation of these events would require a very high number

of positive kaons before seeing interactions. For this reason a FORTRAN routine that
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7.9. Beam-Gas Generated Background

forces the beam-gas interaction was written. Thanks to this routine it is possible to run

a limited number of positive kaons that all interact with the gas of the vacuum tank and

scale them afterwards to the cross section of the interaction. Along with this routine, a gas

distribution along the reference path of the positive kaons is needed, this gas distribution

was taken according to reference article [67]. This simulation was run with FLUKA version

4-1.1 using the equivalent of 1018 primary protons on target that correspond to one year

of NA62 operation. A FORTRAN routine in order to select only the events of the type

K+ → Ks → π+π− was written by the author. After running these events and selecting

only those that can possibly generate background for the K+ → π+νν channel, meaning

positive kaons that have a momentum between 15 GeV/c and 35 GeV/c, see Chapter 4

for more information on the NA62 event selection. The momentum distribution of the

corresponding kaon shorts is depicted in Figure 7.25.
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Figure 7.25: Momentum distribution of the kaon shorts that decay into a positive and
negative pion produced by the positive kaon interactions with the residual gas in the
vacuum tank of NA62.

In this distribution one can see a peak at 75 GeV/c due to charge-exchange events.

In these events a Ks exchanges a quark with one of the gas particles becoming a K+ with

a momentum close to the one of the Ks. From these events, the missing mass squared can
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7.9. Beam-Gas Generated Background

be calculated, this is defined as:

m2
miss = (PK+ − Pπ+)2 = m2

K+ +m2
π+ − 2EK+Eπ+ + 2|−−→pK+ ||−−→pπ+ | cos θπ+K+ (7.1)

Where m,E,−→p , are the mass, the energy and the momentum, respectively. θπ+K+ is the

angle between the direction of the positive kaon and the positive pion. NA62 selects in

only two regions of missing mass squared, R1 in the [0-0.01] GeV 2/c4 area and R2 between

[0.026-0.068] GeV 2/c4. The events falling in these two regions can therefore be selected

in the FLUKA simulation data, see Figure 7.26.

Figure 7.26: Missing mass squared distribution of the kaon shorts decaying into a positive
and a negative pion produced by a positive kaon interaction with the residual gas in the
vacuum tank of NA62.

Among these events, 935 fall in the selection region. The two pions produced from

the decay are strongly boosted in the forward direction, with their trajectories being at

a very small angle. The acceptance within the STRAW detector can be calculated from

the angle and the distance of the STRAW from the decay point. The simulations show

that there are two events (out of the 935) that produce a positive pion hitting the straw

and a negative pion that misses it; the latter is anyway detected by the LAV detector

that has a 95% efficiency for minimum ionizing particles [50]. Assuming such an efficiency

for pions detection, it can be calculated that for a whole year run, 0.1 background events

are generated via the K+ → Ks → π+π− channel. This represents an upper limit for

the mentioned process, considering that in 2018 the number of detected events is 17, the
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background corresponds to 0.6%, a quantity that can be considered negligible.
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7.10 Results Summary

This chapter summarises the beam and background studies done for the K12 beam line

in the NA62 configuration. Two models were build for this purpose, one in BDSIM and

one FLUKA. The two models show a good compatibility with the data for what concerns

the particle rates and the beam properties. The optics comparison of the BDSIM model

to MADX shows en excellent agreement. The BDSIM model has been used by the NA62

collaboration as a generator for their Monte-Carlo events. In these studies, the background

muon rate is well reproduced in the simulation and for the positively charged muons, also

the momentum and the spatial distribution is described with good precision over the full

ranges. In case of the negative muons more investigations are needed to understand better

the deficits in the intermediate momentum region. The overall satisfactory description of

the real beam particle background at the entry of the NA62 experimental area with BDSIM

is an important contribution to the substantial reduction of the systematic uncertainties

in ongoing precision and new physics analyses of the NA62 collaboration allowing for new

discoveries beyond the Standard Model. The FLUKA model is currently being used by

the CERN Radiation Protection group for radiation studies and for beam-gas generated

background interaction. The beam-gas background studies show that the background

generation for the decay channel K+ → Ks → π+π− is negligible for the NA62 operation.
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Chapter 8
Future Experiments at P42 and K12

In this chapter future experiments on the P42 and K12 beam lines are discussed. These

experiments could all be potentially based in these beam lines and are KLEVER, NA62-

HI, NA62-BD and SHADOWS. Different aspects are covered for them, since they all have

different configurations and requirements, see Chapter 4 for more information.

8.1 Studies overview

Exhaustive studies of the KLEVER experiment beam lines have been done in the past

within the EA-LE section at CERN. In particular, a first K12 beam line design in FLUKA

was done for this experiment [67]. It was recently found out that the estimated background

for KLEVER might be more serious than expected, reaching a rate of the same order of

the signal. For this reason the feasibility studies for KLEVER have been extended and

are presented in the next section of this thesis. Both KLEVER and NA62-HI would

benefit from having a higher intensity proton beam impinging on the T10 target. This

is achievable with some modifications of the P42 beam line optics settings, thanks to a

technique called T4 bypass that is also presented in this chapter. For NA62-BD and

SHADOWS the main aspect to be studied is the muon background that poses the main

limitation to the search for dark matter signals. For these studies an approach similar to

the one presented for NA62 in the previous chapter is followed;in particular it is shown how

the NA62-BD background can be characterised and how the background for SHADOWS

can be mitigated.
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8.2 The KLEVER beam line

The KLEVER experiment requires an intense beam of KL mesons that are generated

on the T10 target by approximately 2 × 1013 ppp. The T10 target for the KLEVER

configuration would be similar to the one currently used for the NA62 experiment, but

slightly larger in diameter. The proton angle of incidence for the KLEVER beam is set to

8 mrad following a series of studies on the spectra of all neutral particles produced [67]

that showed how a non-zero angle of incidence can minimise the background from neutral

particles. A key background for KLEVER is from the Λ0 particle that decays as Λ0 → nπ0.

For this type of decay the neutron might not be detected, so that the observed signal

would be mimicking the KL → π0νν signal. This background was partially suppressed

by going to an 8 mrad angle of incidence of the beam, mainly due to the fact that the

production of Λ0 decreases faster as a function of angle than in the case for the KL. The

Λ0 momentum spectrum also drops faster at higher angles. Because of the long lifetime of

the KL relative to the Λ0, this greatly reduces the number of Λ0 that decay in the fiducial

volume. Figure 8.1 shows the ratio of particles surviving over distance for an arbitrary

75 GeV/c momentum; this shows that Λ0s decay much faster than KLs.

Figure 8.1: Different type of particles decaying in vacuum over distance at 75 GeV/c.

The KLEVER K12 beam line, see Figure 8.2, is composed of dipole magnets, mainly

used to sweep away particles that can generate background, and collimators. A magnet is

placed directly after the target that sweeps the primary protons, and dumps them on the

combined dump/collimator (TAX). The neutral beam is mainly produced forward from
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Figure 8.2: KLEVER beam line and detector designed in FLUKA [67].

the target and passes through the TAX collimator, see Chapter 2. After the TAX the

beam encounters the defining and cleaning collimators, the apertures and materials of

which have been defined using the skin depth values defined in Chapter 6. The defining

collimator is the narrowest one and is followed by the cleaning collimator that removes

particles generated by interactions on the defining collimator. These collimators define

a full acceptance of 0.4 mrad opening angle relative to the target. Over the distance

between the target and the detectors, significant quantities of muons are generated mostly

from decays of pions and kaons. These can form substantial backgrounds in the detector,

and a series of simulations has been performed in FLUKA [80, 81] to quantify those

and then find strategies for their rejection. The field setting of the magnet following the

target is maximised and fixed to dump the primary protons with as much downward angle

as possible. The magnets following the collimator stations can be set in strength and

orientation as needed. The detector of the KLEVER experiment was described in more

detail in Chapter 4.

8.3 Background suppression for KLEVER

Recent studies showed that the contribution to the surviving background from the Λ0s

was initially underestimated and that some adjustments to the initial design of K12 are

required. A reduction of the flux of Λ0s could be achieved following two strategies: have
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8.3. Background suppression for KLEVER

a larger incidence angle of the beam (currently set at 8 mrad) in order to have fewer Λ0s

produced on target that enter the K12 beam line; or have a longer K12 beam line that

would let the Λ0s decay before the KLs (since the KLs have a longer lifetime). The first

method could be an easier solution but would imply also a lower flux of KLs as is shown

in next section. The second method would require a full rearrangement of the beam lines

and the cavern where the experiment is placed.

8.3.1 T10 target studies

Currently the 8 mrad incidence angle is achieved in KLEVER with a modification of

the last three bending magnets of the P42 beam line in use for the NA62 configuration

(two MBN magnets and one MCW). This can be achieved with the substitution of the

MCW magnet with an MTR and changing the currents of these magnets as shown in

Reference [116]. The values of currents are also displayed in Table 8.1.
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Figure 8.3: Number of Λ0s as a function of the angle produced on the T10 target for
the KLEVER configuration. Only Λ0s within the K12 acceptance, |angle| < 4 mrad, are
included.
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Figure 8.4: Number of KLs as a function of the angle produced on the T10 target for
the KLEVER configuration. Only Λ0s within the K12 acceptance, |angle| < 4 mrad, are
included.
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Table 8.1: Currents for the last three bending magnets in the present NA62 configuration
and possible future KLEVER configuration.

Magnet Bending Strength (T ×m) KLEVER Current (Ampere) NA62 Current (Ampere)

MBN 6.4 879.6 1339.6

MBN 8.9 1466.3 1117.4

MTR 7.3 815.1 -

Changing the 8 mrad angle poses some constraints on the magnets presently en-

visaged for KLEVER. These are indeed set to very high currents already for the 8 mrad

configuration, given the bending strength limitations of these normal conducting mag-

nets. Achieving higher values of the bending angle might be possible but would require

new magnet types. Some preliminary studies have been carried out, in order to evaluate

the number of particles produced on target assuming that an angle higher than 8 mrad

can be achieved. The target used is the T10 target presently used in NA62 (40 cm long

and 2 mm in diameter). The incidence angles considered span from 8 to 20 mrad. The
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Figure 8.5: KL/Λ
0 ratio as function of the proton impact angle on the T10 target for the

KLEVER configuration.

simulations were run using FLUKA and BDSIM. The BDSIM simulations use the version

GEANT4.10.06 and the FTFP BERT physics list. The FLUKA version used is 4-0.1

with FLAIR 3.1-2 with a DEFAULTS card set to PRECISIO, without further cuts and

using the standard FLUKA physics. The simulations were run using 108 protons on target

and no low energy cuts. The number of particles within the KLEVER acceptance, hence

a solid angle of 0.4 mrad, produced on target are shown in Figure 8.3 and Figure 8.4. The

figures show that the change of angle is effective in reducing the ratio of Λ0s over KLs

(see Figure 8.5) but at the same time represents a problem in the reduction of the KL

intensity. The intensity of KLs is indeed decreased by a factor 2 when going from 8 to 12
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mrad. Keeping a high intensity is a crucial factor for the KLEVER experiment therefore

this solution is possible only if a higher intensity of protons on target can be reached for

K12.

8.3.2 Relocation of the T10 target and K12 beam line

The second solution consists of extending the length of the K12 beam line in order to

give more space for the Λ0s to decay. This could be done moving the T10 target with

consequent adaptation of the P42 beam line and displacement of the K12 beam line. The

P42 beam line is currently passing through the TDC8 and TDC85 tunnel while the T10

target is installed in the TCC8 beam line and the NA62 detector in ECN3, see Figure 8.6.

An extension of the K12 beam line could be achieved by re-positioning the T10 target in

the TDC8 cavern or the TDC85, see blue indicators in Figure 8.6. After some preliminary

considerations, the selected position was TDC8. This is preferred since this location

contains more shielding (concrete and iron walls) that would surround the T10 target.

Radiation studies on this location were done using a simple model of the target followed

Figure 8.6: Areas where the NA62 experiment is currently located, ECN3 and the K12
beam line, TCC8. The potential positions of the KLEVER target are indicated in blue.

by the first sweeping magnets and the TAX, see Figure 8.7. The field maps were attached

to the magnets using a routine written ad-hoc similar to the one used in Chapter 7. A

simple concrete shielding was added around these representing the structure of the TDC8

tunnel. This can be seen in Figure 8.8. Radiation studies were conducted using this model

and running them on the CERN Radiation Protection cluster [117]. The simulation was

carried out using 2× 1013 protons on target every 16.8 s. The results of such a simulation

are shown in Figure 8.9; the red line around the radiation area represents the hard limit

of 2.5 µSv/h that is currently set in the North Area by the Radiation Protection group.
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It can be seen that this limit is exceeded especially in the region close to the target head.

First estimations show that a layer of soil above the TDC8 tunnel of approximately 5

meters and a large layer of material around the target station (such as marble, iron or

concrete) could reduce the radiation dose and bring it down to the required 2.5 µSv/h.

Figure 8.7: Layout drawing in FLUKA of the of the first portion of the K12 beam line for
KLEVER used for the radiation protection studies.

Figure 8.8: K12 beam line in the experimental hall for KLEVER used for the radiation
protection studies and shielding.

Figure 8.9: K12 beam line in the experimental hall for KLEVER used for radiation studies
in FLUKA and relative generated radiation.

This modification would be quite expensive and modify the tunnel shape funda-

mentally. For this reason another alternative is also taken into account and currently

considered the most feasible; this consists of the extension of the ECN3 cavern. This
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cavern contains already a large amount of shielding material and a thick layer of soil on

top of it. In this configuration the T10 target would not need to be moved and most of the

K12 beam line would remain unchanged (horizontal) and translated further downstream

in the ECN3 cavern.
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8.4 T4 bypass studies for KLEVER and NA62-HI

The KLEVER experiment would require a high intensity of protons on target (2 × 1013

protons per 4.8 s spill), more than six times higher than NA62 operates at (3×1012 protons

per 4.8 s spill). NA62 itself would need significant modifications to withstand a higher

proton rate (comparable to the KLEVER one). In this configuration, NA62 is called NA62-

High-Intensity (NA62-HI or NA62×4). With the current settings of the beam lines serving

the experiments (TT24 and P42) these intensities cannot be achieved. This is mainly due

to the fact that the proton beam impinging on the T4 target undergoes a significant

attenuation [3]. The TT24 and P42 beam lines need some optics adjustments that cause

fewer interacting particles on the T4 target avoiding the aforementioned reduction. This

implementation, called target bypass, is discussed in the next sections. These studies are

performed using MADX [78] and AppLE.py [77].

8.4.1 TT24 parameters

The beam lines involved in these studies are TT24 and P42 [103]. The T4 target is 2 mm

thick and contains several beryllium plates adjustable for a total length that can range

between 40 to 500 mm. In order to bypass T4, the vertical beam size at the end of TT24

can be increased to only partly collide with the T4 target and afterwards re-focused in

order to fit within the magnet apertures of P42. The goal is to reach such a beam-size that

only approximately 10% of the beam interacts with the T4 target, while the remaining

beam would bypass it vertically, see Fig. 8.10, and escape unattenuated.

Figure 8.10: Schematic side view of proton beam being defocused before T4 target and
partially interacting with it [118].

The beam parameters at the end of the TT24 beam line can be calculated in MADX.

It is possible to calculate the current parameters (used for the standard NA62 configu-

ration) and the ones needed for a future experiment such as KLEVER or NA62-HI. The

comparison of these values can be seen in Table 8.2. These values refer to the beam size

σ in X and Y , the normalised emittance ϵ in X and Y , and the β functions in X and
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Y . These quantities are all related by Equation 8.1, valid for a Gaussian beam with zero

dispersion.

Table 8.2: Simulated beam parameters for the standard (current) and new configuration
at the T4 target (end of TT24 beam line).

Parameters Standard Configuration New Configuration

σx[mm] 0.5 0.5

σy[mm] 0.4 4

ϵx[mm×mrad] 2 2

ϵy[mm×mrad] 0.1 0.1

βx[m] 58 58

βy[m] 740 74000

The parameters obtained from the MADX studies on TT24 can be used as input for

the P42 beam line.

σ =
√
ϵβ (8.1)

Assuming that the particle position and angle are uncorrelated at the location of the target

the divergence of the beam can be calculated at various points using Equation 8.2.

ϵ = σxσx′ (8.2)

8.4.2 Beam size optimisation studies in P42

The beam size in the P42 beam line has to be kept within apertures of the magnets in order

to avoid damage via beam interactions or background generation for the experiment. The

propagation of the beam through P42 has been studied for the current beam optics settings

of TT24 and P42, currently in use for NA62. For this purpose a complete model of P42

model was created in MADX. The information on the magnets current and size is specified

in the CERN database. The analysis of P42 can be developed to study the beam size in X

and Y . The plots showing these results are shown in Fig. 8.11. This plot shows that in the

current beam lines configuration the beam size is approximately a few millimetres. The

smallest aperture in P42 is the QNL quadrupole that has a diameter of 8 cm. In this case

the beam is small enough to pass within this aperture without interaction. For the T4

bypass a much higher beam size is expected, therefore the magnetic configuration of P42

needs to be changed. In particular, it was chosen to adjust the focusing strength of the

first five quadrupoles to keep the beam size within the aperture limits all along the P42

beam line and small enough to collide with the T10 target (2 mm in diameter). The new
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Figure 8.11: Beam size (one standard deviation) as a function of s (reference particle
position along the beam) along P42 in the current configuration of the TT24 beam line.

focusing strength values for the five quadrupoles are obtained in MADX using as a limit

the maximum achievable gradient of the quadrupoles (taken from the CERN database)

and requiring a beam size in the same range of the standard configuration. In practice this

is achieved using the fitting routine available in the MADX software. The values for the

two different configurations for the focusing strength of the first five quadrupoles resulting

from the fitting routine can be seen in Table 8.3.

Table 8.3: Field strength of the quadrupoles in P42 before and after fitting procedure in
MADX. The quadrupoles are numbered according to their appearance in the P42 beam
line and k1 is the focusing strength in m−2.

Parameters Standard Configuration New Configuration

Q1− k1 [m−2] 0.009482 -0.005511

Q2− k1 [m−2] 0.014060 0.0117363

Q3− k1 [m−2] -0.015110 -0.009590

Q3A− k1 [m−2] -0.015110 -0.009590

Q4− k1 [m−2] 0.014060 0.011736

The values of the beam size for the new configuration can be seen in Fig. 8.12. The

values obtained following this procedure are acceptable and prove that a beam size in the
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Figure 8.12: Beam size (one standard deviation) as a function of s (reference particle
position along the beam) along the P42 beam line in a possible new configuration with
the TT24 beam line adapted to KLEVER and NA62-HI.

millimeter range can be achieved with the polarity inversion of the first quadrupole of P42

and some minor modification for the focusing strength of the other magnets. These first

results prove the feasibility of the T4 bypass in terms of beam size tolerance.

8.4.3 Beam tracking in P42

The configuration proposed for P42 in the KLEVER and NA62-HI mode is further exam-

ined with tracking studies. These studies have been developed using the AppLE.py code,

see Chapter 5. It is reminded here that this code uses MADX-PTC internally for tracking

purposes but gives the possibility of using an interactive graphical user interface (GUI) in

order to modify the desired initial beam parameters. Using the new configuration param-

eters from Table 8.2 and assuming dp
p = 0.001 (estimated for the proton primary beam in

TT24) the tracking can be done in AppLE.py. In particular it is noticed in Figure 8.13

that particles all fit in the magnet apertures, that are highlighted in light-blue as opposed

to the magnet yoke that is in dark-blue. This is an additional proof that in the configu-

ration found for the T4 bypass, the particles would not hit the magnets aperture allowing
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therefore to run in this mode.

Figure 8.13: Tracking of particles in AppLE.py along the P42 beam line. Particle tracks
are represented with black lines. Dipoles are represented in dark blue and their apertures
are in light blue. Quadrupoles are represented as green arrows that extend through their
apertures.
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8.5 Muon background studies for NA62-BD

The aim of the studies for NA62-BD in this section is to understand the muon background

generated in the experiment. The approach followed for this purpose is very similar to

the one followed for the standard NA62 configuration. In order to do so, a BDSIM model

of NA62 in dump configuration is created. The NA62-BD configuration is very similar to

the configuration of NA62 with some minor changes. In NA62-BD mode the T10 target

is removed from the beam axis, therefore the protons do not interact with it directly and

are all transported via the K12 onto the TAX instead. The TAX is in this case used in

dump mode; this means that the two collimator layers are shifted such as to completely

absorb the incoming beam (see Figure 8.14, more details on the TAX can be found in

Chapter 4). These modifications are implemented in the present BDSIM configuration of

the beam line described in Chapter 7.

Figure 8.14: TAX geometry visualised in BDSIM for the Beam-Dump Configuration

For these simulations BDSIM is used as an event generator and the events are af-

terwards propagated through the NA62MC model built by the NA62 Monte Carlo group.

The NA62 collaboration performed a data acquisition run in BD mode in 2018, in Run

2, and collected data for a period of approximately one month. These data are provided

by the NA62 collaboration in order to compare with the BDSIM+NA62MC simulation

(called BDSIM in the rest of this section). In the simulation the muon distribution is

reconstructed at approximately 180 m from the target, at the location of the CHOD de-

tector, see Chapter 4. In order to reach adequate statistics a biasing technique is developed
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to reach a more abundant muon sample; this is described in detail in Reference [119]. The

plots for the distributions at 180 m from the target are shown in Figures 8.15, 8.16, 8.17

and 8.18. These are created using the FTFP BERT physics list. Both data and MC are

downscaled by a factor five (data is like this by trigger construction, and the MC statistics

is divided by 5 to account for this). The MC sample contains only muons originating from

primary protons interacting in the TAX. The component coming from proton interactions

upstream of the TAX is missing. This is the reason why the plot for the positive muons

is showing a discrepancy with respect to data in shape around p=75 GeV/c.

Figure 8.15: X-Y distribution of positive muons at a plane located 180 m from the target
of K12. The data from 2018 data taking of NA62-BD are shown on the left, on the right
the simulation in BDSIM is displayed.

Figure 8.16: Distribution of positive muons in momentum versus radius at a plane located
180 m from the target of K12. The data from 2018 data taking of NA62-BD are shown
on the left, on the right the simulation in BDSIM is displayed.
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Figure 8.17: X-Y distribution of negative muons at a plane located at 180 m from the
target of K12. The data from 2018 data taking of NA62-BD are shown on the left, on the
right the simulation in BDSIM is displayed.

Figure 8.18: Distribution of negative muons in momentum versus radius at a plane located
at 180 m from the target of K12. The data from 2018 data taking of NA62-BD are shown
on the left, on the right the simulation in BDSIM is displayed.

The plots demonstrate that the overall muon distributions are well reproduced by

the BDSIM software. Some differences can be observed in the rates and the plane illu-

minated regions. More studies are ongoing in collaboration with the NA62-BD group in

order to improve the agreement between MC and data. A particular use of these studies

is the use of different physics lists as well as the use of a new optimised field map for the

muon sweeping system (mainly the MBPL magnets) in the BDSIM model.

This is the first attempt to characterise the background for NA62-BD in BDSIM. The

agreement reached between data and simulations is the most precise achieved so far with
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Monte Carlo simulations. More studies have been carried out following this first bench-

mark aiming to find the best configuration for minimising the background generated in

the NA62-BD experiment and are presented in Reference [120].
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8.6 SHADOWS

The studies for the SHADOWS experiment are also focused on the muon background.

SHADOWS is a parasitic experiment therefore no changes in the K12 beam line are re-

quired for the BDSIM model. The SHADOWS detector is located at about 40 m from

the T10 target right after the first achromat in K12. Previous studies showed that in the

parasitic run the muon rates at SHADOWS could be too high (20 MHz) to allow sensitive

dark matter measurements. For this reason a main priority for the experiment is to lower

these rates. This cannot be achieved by simply changing the magnetic configuration of

the beam line as was shown in Reference [120]; a new solution for this purpose is therefore

required. The method followed in this section is to introduce a muon sweeping system that

is dedicated to optimise the background for SHADOWS. In the simplest form this muon

sweeping system could consist of an additional off-axis bending magnet upstream of the

SHADOWS detector, located after the first achromat magnets in order to minimise the

fraction of muons that are swept into the SHADOWS acceptance. The sweeping magnet

used in these simulations is a different version of the so-called “scraper” magnet (depicted

in Figure 8.19), similar to a magnetised iron block, currently used in the COMPASS exper-

iment. Following previous studies of the NA62-BD background minimisation, the same

magnetic configuration (see Reference [120]) is used for the simulations of SHADOWS

done in this section. In this configuration almost all the magnetic elements of K12 are

switched off leaving two bending magnets of the first achromat active and set to a field of

1.8 T.

Figure 8.19: Scraper magnet used as a sweeper in the SHADOWS model.

The discussion in the rest of this section is built upon the transverse X-Y muon flux

at the foreseen location of the SHADOWS experiment. All together with the detector, the

sweeping magnet is also inserted at a location near the last bending magnet of the last
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achromat. For this purpose it is necessary to adjust the shielding that surrounds this area.

A picture of the current shielding can be seen in Figure 8.20. The magnet itself (made

of iron) has a certain stopping power and reduces the muon flux, working effectively as

a shielding block. The simulations of the muon background generated in the SHADOWS

Figure 8.20: Shielding in the region after the first achromat in the current NA62 configu-
ration.

detector for the configuration without sweeping magnet can be seen in Figure 8.21. The

BDSIM version used is GEANT4.10.06 and the FTFP BERT physics list. The figure

shows that in the X-direction the muon distributions are approximately symmetric in

respect to the centre of the beam line. In the Y -direction the magnetic field of the bending

magnets in the first achromat separates the positively charged from the negatively charged

muons. The return yokes of the MTR magnet also give the muons a momentum in X-

direction pushing them into the SHADOWS acceptance. From inspecting these pictures

it becomes evident that a muon sweeping system is necessary. The dimensions of the

sweeping magnet were established after a few iterations that finally led to choose a magnet

of 3.0× 3.1 m in the transverse plane and 6 m long. Considering a magnetic field peak of

1.7 T in the center of the magnet this corresponds to a total BL =10.2 Tm. Such a large

magnet in the transverse plane allows to maximise the muons that are swept away near the
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Figure 8.21: Left: BDSIM model of the current configuration for the NA62 experiment
after the first achromat. Right: muon flux in this configuration at two planes (z=42.8 m
and z=55.3 m) for µ+ and µ−, the red box indicates the region of the SHADOWS detector.

yoke. The muons are redirected in this manner in the X-direction and miss the SHADOWS

detector. The results obtained for this configuration are displayed in Figure 8.22. The

plots show that for this configuration the muon background could be reduced drastically.

Compared to the original setup shown in Figure 8.21 the number of muons in the relevant

SHADOWS detector region is reduced by a factor seven in the relevant SHADOWS region.

Furthermore, by investigating the charge of the muons, as it is displayed in Figure 8.21, it

is possible to see that the tested muon sweeping system is able to reduce the positive muons

more than the negative muons. In fact, the background generated by positive muons would

decrease by approximately a factor 20, while the negative muons background is reduced by

a factor four, compared to the simulation without sweeping system. This asymmetry effect

is due to the polarity of the magnet. For the alternative polarity, the opposite behaviour

would have been observed. Another feature of the sweeping system is that while the

positive muons are swept away from the SHADOWS detector, the negative muons are

conducted into the direction of the return yoke of the magnet. The return yoke forces

the negatively charged muons to the centre of the magnet. These muons are therefore

being forced to move forward at small angles from the sweeper and could eventually reach

the SHADOWS detector. Even if this behaviour occurs, the separation of negative and

positive muons might not be an issue, but could actually simplify the muon sweeping. It
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Figure 8.22: Left: BDSIM model of potential new configuration for the SHADOWS ex-
periment after the first achromat. Right: muon flux in this configuration at two planes
(z=42.8 m and z=55.3 m) for µ+ and µ−, the red box indicates the region of the SHAD-
OWS detector.

is possible indeed to place two separate sweepers instead of a single one and redirect the

two components separately. By doing so it might be possible to reduce the size of the

single sweeping magnet and to avoid having a strong effect given by the return field in the

yoke [121].
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8.7 Results Summary

This chapter summarises the beam and background studies done for the P42 and K12

beam lines for possible future configurations. Simulations in BDSIM and FLUKA are

carried out for the KLEVER configuration in order to study the background produced by

Λ0s. It is shown how this flux can be reduced preferably adopting new positioning for the

T10 target or extending the ECN3 cavern. It is also demonstrated how, thanks to the T4

target bypass, it is possible to achieve a higher intensity for KLEVER and the NA62-HI

configuration. This new solution is currently considered for future implementation and will

be tested during Run 3 of the LHC. A full model of NA62-BD is created and benchmarked

to data from the NA62 collaboration, showing a good compatibility of the BDSIM model

with the data collected in 2018. The same model is used for studies of the background

in the SHADOWS experiment that proved the possible reduction of the muon flux at the

detector plane.
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Chapter 9
Summary and Outlook

This final chapter of the thesis summarises the results and the methods developed in the

document. The main goal of the thesis work is to address the feasibility and optimisation

of experiments at the P42 and K12 beam lines. A large share of the studies is dedicated

to background studies and beam line optimisation. It is shown in Chapter 6 how the

“skin depth” parameter is defined, for the first time, for secondary beam lines. This

is used, and will be used in future, for collimation at experiments such as KLEVER

and NA62. Chapter 7 addresses potential backgrounds generated in K12 for the NA62

configuration. It is here shown that BDSIM, FLUKA and MADX are useful tools for this

kind of studies. The beam-size, the divergence given by the CEDAR gas, the background

coming from muon halo and particle interactions with the residual gas of NA62 are studied

and characterised for K12. In particular, the studies of the CEDAR (also called KTAG)

show that the hydrogen gas can be used as an alternative to nitrogen, bringing a potential

background reduction for the experiment. These studies are taken into account by the

NA62 collaboration that will use in 2023 a version of the CEDAR detector with hydrogen.

The BDSIM model of K12 is currently adopted by the NA62 collaboration as generator for

Monte Carlo simulations and is used to describe the muon backgrounds in the experiment.

The FLUKA model developed for this thesis work is currently used by the Radiation

Protection group at CERN. The same model served to prove that the beam gas generated

background for NA62 is negligible for the considered K+N → Ks → π+π− channel.

The studies for future experiments are presented in Chapter 8. It is shown how the

background for KLEVER can be reduced preferably adopting new positioning for the T10

target or extending the ECN3 cavern. It is also demonstrated how, thanks to the T4
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target bypass, it is possible to achieve a higher intensity for KLEVER and the NA62-

HI configuration of NA62. This new solution is currently being considered for future

implementation and will be tested during Run 3 of the LHC. Finally, a full model of

NA62-BD is created and benchmarked to data from the NA62 collaboration, showing a

good compatibility of the BDSIM model with data. The same model is used for studies of

the background in the SHADOWS experiment that proved the possible reduction of the

muon flux at the detector plane.

These studies play an important role with the BE-EA-LE section and the experiments

mentioned in this thesis. The results and models developed so far are currently used and

being extended within the section, covering new aspects and future implementation of

experiments at P42 and K12.
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Appendix

This appendix gives an overview of the studies done for two secondary beam lines (T9

and T10) in the East Area using BDSIM. The beam line configuration used in this section

corresponds to what was used in the East Area before renovation (in 2018).

A.1 BDSIM studies for secondary beam lines: T9 and T10

The T9 and T10 beam lines are located in the CERN East Area and were used to provide

(in the 2018 configuration) secondary beams of charged particles in a momentum range

from 1 GeV/c up to 10 GeV/c (for the T9 beam line) and up to 6 GeV/c (T10 beam line),

produced due to the interaction of a primary 24 GeV/c proton beam with a target head.

T9 was used for several experiments while T10 was mainly dedicated to ALICE [122].

Figure A.1: CERN T10 beamline optics comparions between BDSIM and MADX

In this section the optics studies for T10 and the particle production spectra for T9 are

presented. The simulations are run using BDSIM version 1.4 with GEANT4.10.4.p03.

Figure A.1 shows the T10 optics (beta functions in X and Y) obtained from simulations
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run for 10000 particles. It can be noticed in the figure a good agreement between BDSIM

and MADX within the relative error bars. For T9, studies of particle production have been

run placing a target head upstream the beam line. The target used is 200 mm long and is

Figure A.2: Particle production spectra after the target of the T9 beamline.

made of beryllium. For the purpose of studying the beam composition, 10 million particles

were simulated using a complete package of physics processes, FTFP BERT , available

in BDSIM [123]. Figure A.2 shows the particles spectra after target simulated in BDSIM.

The spectra have the expected rates for the considered energy and are comparable to those

shown in Reference [37]. These are the first studies developed for CERN secondary beam

lines with BDSIM and they show how the software can be reliably used for these type of

energy ranges and beam line configuration.
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