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Zusammenfassung

Der �International Linear Collider� (ILC) ist ein geplanter Linearbeschleuniger für die Kollisionen von
Elektronen und Positronen bei einer anfänglichen Schwerpunktsenergie von 250 GeV. Mit seinen For-
schungszielen steht er in einem ergänzenden Zusammenhang mit dem �Large Hadron Collider� (LHC).
Denn nach der Entdeckung des Higgs-Bosons am LHC in 2012 ist eines der Ziele des ILC, die Eigen-
schaften und Wechselwirkungen des Higgs-Bosons und des Top-Quarks mit nie dagewesener Präzision
zu messen. Auch die Suche nach Teilchen aus Modellen jenseits des Standardmodells, welche ebenfalls
auf dem Programm der verschiedenen ILC-Phasen steht, wird durch diese Präzision erleichtert.

Sowohl das Layout des Beschleunigers als auch das der Detektoren muss optimiert werden, um
Untergrundraten unterhalb einer gewissen Grenze zu halten und damit die angestrebte Präzision zu er-
reichen. Hierzu wurden einige Studien durchgeführt, um verschiedene Untergrundquellen zu untersuchen
und die Raten im SiD Detektor, einer der beiden für den ILC vorgeschlagenen Detektorexperimente,
zu analysieren. Diese Studien basieren auf Monte Carlo Generatoren, welche Untergrundereignisse aus
verschiedenen Quellen simulieren. Nach einer vollen Detektorsimulation wurden diese Ereignisse dann
in Hinsicht auf die SiD Detektorokkupanz beurteilt. Liegt diese Okkupanz nahe oder sogar oberhalb
der von der SiD-Gruppe festgelegten Akzeptanzgrenze, so wurden Vorschläge zur Beschleuniger- und
Detektoroptimierung unterbreitet und getestet, mit denen die Okkupanz reduziert werden kann.

Zu den hier untersuchten Untergründen gehören sowohl der e+e−-Paaruntergrund, der durch die
Wechselwirkung der elektromagnetischen Felder der kollidierenden Strahlbündel entsteht, als auch der
Myonen-Maschinenuntergrund aus der Wechselwirkung des Strahls mit den Beschleunigerinstrumenten,
sowie der Neutronenuntergrund, der von den Strahl-Dumps aus in Richtung der Detektoren gerichtet
ist. Zusätzliche Simulationen umfassen die Untersuchung des Designs der Strahl-Dumps im Hinblick
auf die Bestrahlungsdosis in der Dump-Halle. Die Abhängigkeit des e+e−-Paaruntergrundes von den
ILC-Strahlparametern wurde für die in 2017 beantragte Änderung der Parameter für die erste ILC-
Phase evaluiert. Die Ergebnisse der in der vorliegenden Arbeit präsentierten Studie haben dabei zur
Entscheidungs�ndung maÿgeblich beigetragen. Neben den Simulationsstudien wurden auch Messungen
in der japanischen Beschleunigeranlage �Accelerator Test Facility 2� durchgeführt, um die Maschinen-
untergrundrate in Abhängigkeit von verschiedenen Beschleunigerzuständen zu messen. Das Ziel war
hierbei die Funktionalität eines Strahlkollimators zu testen.

Bei allen präsentierten Studien werden Vorschläge zur Beschleuniger- und Detektoroptimierung
genannt, um die Untergrundraten in SiD zu reduzieren und somit die geplanten Präzisionsmessungen
ermöglichen.
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Abstract

The International Linear Collider (ILC) is a proposed linear electron positron collider with a center-of-
mass energy of 250 GeV in its �rst stage. After the discovery of the Higgs boson at the Large Hadron
Collider (LHC) at CERN in 2012, the physics goals of the ILC include the measurements of the Higgs
boson properties and its interactions, but also measurements of the top quark and searches beyond
the Standard Model are part of the ILC program in the di�erent ILC stages. The ILC, however, is
not in competition with the LHC, but is a complementary collider experiment, since it is aimed at
unprecedented precisions rather than at high collision energies.

In order to achieve such precisions, both the accelerator design and the detector designs have
to be optimized with respect to limiting the detector background below an acceptable limit. For the
evaluation of various background sources, di�erent Monte Carlo event generators have been used to
generate background events that were then analyzed in a full detector simulation of the SiD detector.
SiD is one of the proposed detector concepts for the ILC, for which a speci�c critical acceptance limit
for background rates has been set. Throughout the chapters of this thesis, the acceptance limit has
been used to assess the arising background occupancy in SiD. If the occupancy has been found to
be close to or to exceed the limit, possibilities to reduce the background level have been tested and
recommendations for design optimizations have been made.

The presented background simulation studies contain three major background sources: the e+e−

pair background from beam-beam interactions, the machine background created by interactions of the
beam with the accelerator components, and the neutron background produced in the ILC main beam
dumps. In addition to the background study for the main beam dumps, the beam dump designs
that are based on water dumps have also been analyzed with respect to the arising irradiation of the
surroundings. The pair background was studied with respect to its dependency on di�erent ILC running
schemes, such as the proposed changes in the beam parameter sets for the ILC stage at 250 GeV. The
results of these studies have been used in 2017 to inform the ILC design decision regarding these beam
parameters. Besides the mentioned simulation studies, measurements of the machine background in
dependency of certain accelerator conditions have been performed at the Accelerator Test Facility 2 at
KEK in Japan. The goal of these measurements was to validate the functionality of a recently installed
vertical beam halo collimator that is planned to be used at the ILC as well.

For all the presented topics, recommendations for accelerator and detector design optimizations
are given, with which the background level in the SiD detector can be reduced in order to reach the
aimed-for precision at the ILC.
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1 Chapter 1.

Introduction

Since the 1920's, accelerator physics research has been rapidly advancing, and with it, so is high-
energy particle physics. Starting with the �rst accelerating structures, which could accelerate particles
to no more than a few hundred keV, the reach to higher and higher center-of-mass energies requires
new inventions in the �eld of particle accelerators. Along with this goes the development of particle
detectors, which need to adapt to the increasingly demanding environments of particle collisions that
are created by the high-performing colliders. Also other areas bene�t from the fast pace in the research
e�orts and scienti�c breakthroughs, such as the development of sensor technologies for mobile phones,
materials for the aerospace industry, or medical applications like cancer therapy. High-energy and
accelerator physics are therefore pioneering in many di�erent scopes.

In the �eld of particle physics, discoveries of new particles and measurements of their characteristics
have given explanations and insights to some of the key questions about the composition of matter,
the fundamental forces that describe all physical interactions, and about the beginning of the universe.
The �rst experimental evidence of the Higgs boson in 2012 [1, 2] was the discovery of one of the
missing pieces in the current understanding of the fundamental building blocks of the universe. This
was accomplished at the Large Hadron Collider (LHC) at CERN [3]. With the LHC being the particle
collider with the world's highest nominal collision energy of 14 TeV, the pursuit for the highest energies
has reached its peak for the moment. This does however not mean that the end of this pursuit is near,
future colliders at the energy frontier are proposed for the coming decades.

After a synopsis of the current knowledge of fundamental particle physics and accelerator physics
in Chapters 2 and 3, it will be derived that colliders at the energy frontier need a complementary
collaborator in order to provide a complete understanding of open issues of particle physics, such as
the properties of the Higgs boson. The International Linear Collider (ILC) is such a collaborator. It
is a proposed linear electron positron collider designed for high-energy physics experiments, not at the
energy frontier but at the precision frontier. Its collision energy will hence be in the range of 250 GeV
to 1 TeV, aiming to measure particle physics processes with an unprecedented precision that is orders
of magnitude better than the LHC. Chapter 4 will give an overview of the ILC accelerator design and
its detector experiments, and will motivate its physics goals. An important goal is the measurements
of the Higgs boson couplings to elementary particles. Due to the high precision, the ILC will be able
to measure these couplings to ∼ 1 % accuracy, which is needed to distinguish di�erent physics models.
Herein lies the discovery potential of the ILC.

In order to achieve these goals, precision detector experiments are needed with high tracking
resolutions and granular calorimeter designs. To this end, the detector requirements are strict, and
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1. Introduction

emphasize a low material budget for improving the tracking performance. The ILC aims for nanometer-
sized beams to gain high luminosities and to allow the experiments' vertex detector to have a minimal
radius. This leads to high vertex reconstruction e�ciencies, but also to the fact that the detector
environment has to rely on minimal background levels. If the occupancy in the innermost subdetectors
is too high, the vertex detector performance declines and the ILC goal of unprecedented precision
cannot be achieved.

A complete understanding of the detector background and its impact on the detector performance
is therefore crucial, especially because of the ILC beam timing structure and the readout architecture
of the detectors. Chapters 5 - 8 present detailed studies of various background sources, and show that
the background can be constrained by optimizing the accelerator and the SiD detector layout. SiD
is one of the two proposed detector experiments for the ILC, and the focus of the presented detector
occupancy studies. The chapters are sorted by beam induced backgrounds, machine backgrounds, and
backgrounds from the ILC main beam dumps. All of these backgrounds originate inside the detectors
(in the case of the beam induced backgrounds), or in parts of the ILC accelerator close to the detectors.
The results of the studies have been used to inform design decisions of the ILC accelerator on di�erent
topics.

First, the simulation studies concerning the substantial e+e− pair background arising from beam-
beam interactions will be discussed in Chapter 5. Since this background is directly dependent on ILC
running schemes, various studies of its dependencies have been conducted. A study of the timing of
the background hits in the individual SiD subdetectors gave hints on how to reduce the background
occupancy further.
Chapters 6 and 7 then investigate the backgrounds from the interaction of the beam with machine
components, and the possibilities to reduce these backgrounds. Chapter 6 presents a simulation study
of the muon background from the ILC Beam Delivery System, whereas for Chapter 7 both direct
measurements and simulation studies of machine background levels at the Accelerator Test Facility 2
were done.
Finally, as discussed in Chapter 8, the ILC main beam dumps present another source of detector
background, and have been studied in a detailed simulation. Due to their current design, several issues
have to be addressed, not only because of the arising background but also because of the irradiation of
the beam dump surroundings.

The results of all studies done for this thesis are then summarized in Chapter 9. It shows that
analyzing the sources of background in detail provides crucial input for the optimization of the ILC
accelerator itself. Recommendations are given for optimizing the accelerator with respect to the beam
parameters and possible shielding options for the Final-Focus region, which contains the parts of the
ILC close to the detectors. Afterwards, the detector collaborations have to consider the impact of
the background in the design of the detector geometry and its readout architecture, and re�ne them
accordingly. Also here, recommendations for the SiD detector have been made. This will bring the ILC
closer to its goal of measurements at unprecedented precision.
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2 Chapter 2.

Physics at lepton colliders

The physics at particle colliders, where two particle beams are brought into collision, is the physics of
atoms and quanta, of nuclei and partons, of particles that build up everything we know, but also of
new particles, physics beyond our current knowledge. After a brief introduction of the Standard Model
(a theory describing the elementary particles and the fundamental forces) in Section 2.1, the physics
processes including their production modes (Section 2.2) and background processes (Section 2.3) at a
lepton collider will be explained in more detail.

Particle physics extends back to the ancient Greek times, when the idea was developed that matter
is made of �indivisible� (átomos, Greek) parts. Atoms are, in fact, not indivisible at all. When the
electron was experimentally discovered in 1897 by J.J. Thomson, it was proposed that these particles
must be a component of every atom [4, p. 13�]. This sparked the interest of many physicists in the
early 20th century to perform experiments probing atoms. One of them was Ernest Rutherford, who
�red alpha particles1 through a thin gold foil, and thereby found that atoms are mostly empty with a
positively charged nucleus that is only a fraction of the size of the atom itself [5]. This discovery was
a crucial step towards the modern atomic model.

Closer to our current understanding of the atomic model is the Bohr model, developed by Niels
Bohr in 1914 [4, p. 15]. It asserts that electrons orbit the positively charged nucleus on stable shells
with distinct radii. The shells correspond to discrete energies, such that an electron switching from one
shell to a shell with a larger or smaller radius would have to absorb energy, or emit energy respectively.
This energy quantum is absorbed or emitted in the form of light, or more precisely, in the form of a
photon. Nowadays, it is known that the electrons do not orbit the nucleus on discrete shells but rather
in orbital zones, where the electron has a higher probability to be observed.

In order for an atom to have a neutral charge, the number of electrons in the atomic shells has to
be balanced by an equal amount of positive charge in the nucleus. It was already proven by Rutherford
that nuclei of di�erent atoms are built from the hydrogen nucleus. He thereby discovered the proton,
and explained that the positive charge of the nucleus is the summed up charges of the protons inside
the nucleus. In 1932, it was found that atoms can not only consist of electrons and protons. [4, p. 15]
The mass measurements of various isotopes showed that their masses di�ered by concrete amounts.

1
Alpha particles are the nuclei of Helium atoms. Ernest Rutherford obtained them from decays of uranium and other
radioactive elements.
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The explanation was that the nucleus must consists of protons and particles with a similar mass but a
neutral charge, the neutrons. Isotopes are therefore atoms of the same element with the same number
of electrons and protons, but with a di�erent amount of neutrons.

Over the years, the development of particle accelerators that can accelerate particles to higher and
higher energies allowed to probe even the constituents of the atom. This showed that the end had not
been reached yet, that protons and neutrons are not elementary but composite particles. Their partons,
the quarks and gluons, are part of the current theory of all elementary particles and the fundamental
forces they interact with, the Standard Model.

2.1. The Standard Model

The Standard Model (SM) was developed and formulated around the 1960s and 1970s, when the theories
of the electromagnetic and the strong interaction, namely quantum electrodynamics (QED) [6, 7, 8] and
quantum chromodynamics (QCD) [9, 10], were combined into one mathematical model that explains
how the elementary particles interact with each other via the fundamental forces of the universe [4, p.
3]. Since then, high-energy particle physics experiments could verify the SM predictions so well, that it
has proven itself to currently be the best theoretical model of all subatomic particles that we know of.
The most recent measurements of the masses and other SM properties of the particles are summarized
by the Particle Data Group (PDG) in the �Review of Particle Physics� in yearly editions [11].

The SM di�erentiates between two classes of fundamental particles: the particles that make up
all matter are called fermions, whilst the force mediators, through which the fermions can interact, are
called gauge bosons.

Figure 2.1.: The Standard Model describes all elementary particles, the twelve fermions in their
three generations and the four gauge bosons, as well as the Higgs boson. The shadows
indicate possible interactions between the fermions and gauge bosons [12].
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2.1. The Standard Model

Table 2.1.: Quantum numbers of the Standard Model fermions. The table lists the values for the
electric charge q, and the spin s for all fermions, as well as the lepton number L
of the leptons and the quark �avor of the quarks. Their respective antiparticles are
highlighted by the shaded background [4, cf. p. 49].

Leptons q s Le Lµ Lτ Quarks q s U D C S T B

e� - 1 1/2 +1 0 0 u +2/3 1/2 +1 0 0 0 0 0
e+ +1 1/2 - 1 0 0 ū �2/3 1/2 - 1 0 0 0 0 0
νe 0 1/2 +1 0 0 d - 1/3 1/2 0 - 1 0 0 0 0F

ir
st

ge
ne
ra
ti
on

ν̄e 0 1/2 - 1 0 0 d̄ +1/3 1/2 0 +1 0 0 0 0
µ
� - 1 1/2 0 +1 0 c +2/3 1/2 0 0 +1 0 0 0

µ
+ +1 1/2 0 - 1 0 c̄ �2/3 1/2 0 0 - 1 0 0 0

νµ 0 1/2 0 +1 0 s - 1/3 1/2 0 0 0 - 1 0 0

Se
co
nd

ge
ne
ra
ti
on

ν̄µ 0 1/2 0 - 1 0 s̄ +1/3 1/2 0 0 0 +1 0 0
τ
� - 1 1/2 0 0 +1 t +2/3 1/2 0 0 0 0 +1 0

τ
+ +1 1/2 0 0 - 1 t̄ �2/3 1/2 0 0 0 0 - 1 0
ντ 0 1/2 0 0 +1 b - 1/3 1/2 0 0 0 0 0 - 1T

hi
rd

ge
ne
ra
ti
on

ν̄τ 0 1/2 0 0 - 1 b̄ +1/3 1/2 0 0 0 0 0 +1

Fermions Fermions are particles with a half-integer spin s as one of their quantum numbers. The
spin has a direction, and a speci�c amplitude, which can be calculated as h

2π

√
s(s+ 1), with h being

the Planck constant [4, p. 121]. All fermions have a speci�c set of quantum numbers, so that by giving
the electric charge, the spin, and the �avor, all fermions can be identi�ed precisely. Table 2.1 lists all
Standard Model fermions with their quantum numbers.
Fermions are further categorized as leptons and quarks, as well as in three generations, which can be
seen in Figure 2.1. Among the leptons are the electron and its heavier brothers, the muon and the tau.
In their respective generation, each of them has a neutrino, respectively named the electron-neutrino,
muon-neutrino, and tau-neutrino. They are electrically neutral particles.

Additionally, every particle has an antiparticle, so there are actually not only six leptons but
twelve. The SM does in general not remark the antiparticles, because it assumes that the physics of
particles and antiparticles is the same. The only di�erence between them is the sign of their internal
quantum numbers: The electron's antiparticle is the positron, which has the same mass and spin as
the electron, but has a positive electric charge of +1, and a negative lepton number Le of - 1. The
antiparticles of the muon (µ-) and the tau (τ-) hence are µ+ and τ

+, respectively. As neutrinos on the
other hand have no electric charge, they can only be distinguished from their respective antineutrino by
their lepton number and their helicity. The helicity describes the state of the particle's spin direction
in comparison to the particle's momentum. When the spin direction and the momentum are parallel,
the particle is called right-handed. It is called left-handed, when they are antiparallel. In the SM,
neutrinos are always left-handed, whilst antineutrinos are right-handed.

Every generation of quarks consists of one up- and one down-type quark, where the up-type quarks
have an electric charge of 2/3, whilst down-type quarks have a charge of - 1/3. However, they do not
only carry the electric charge, but also the so-called color charge. The color charge is unrelated to the
common meaning of color. The di�erent quark colors are used as quantum numbers to di�erentiate
between quarks. Every quark has one of three colors (red, green, and blue), every antiquark has one
of three anti-colors (anti-red, anti-green, and anti-blue). Thus, there are overall 36 di�erent quarks
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and antiquarks. Due to the law of con�nement, there can only be color-neutral particles. Quarks are
therefore not free, but hadronize and form a bound state together with other quarks. These bound
quark states, called hadrons, consist of several quarks. A particle with a quark of a speci�c color and
an antiquark of the corresponding anti-color is called a meson. Together, the color and anti-color of
the quarks make the meson color-neutral. A baryon, which is a particle with three quarks, can only be
color-neutral when it carries three quarks with three di�erent colors (or anti-colors), so red�green�blue
or anti-red�anti-green�anti-blue, any other combination is not possible.

In everyday nature, the only observable hadrons are the protons and neutrons due to their con-
stituents. They are baryons, hence are built from three quarks: protons contain two up-quarks and one
down-quark, giving the proton its positive electric charge of +1. Neutrons on the other hand are formed
by one up-quark and two down-quarks, resulting in an electrically neutral particle. As the up-quark is
the lightest quark, it is stable and does not decay. All other quarks decay after certain lifetimes into
another quark with smaller mass. That is the reason why all hadrons that are produced arti�cially in
a high-energy particle collider are unstable. Since the down-quark is the second lightest quark, it can
decay into the up-quark, giving reason to the spontaneous decay of free neutrons into protons when
one of the down-quark decays. The proton is the lightest existing baryon, and can not decay further
according to the Standard Model, since its quantum numbers have to be conserved. Together, the
protons and neutrons construct the nuclei of every atom of every element.

Table 2.2.: The fundamental forces and their mediators [4, cf. p. 59]. The strength of a force
is dependent on various external factors, such as its source and its distance to the
observer. Therefore, the listed values are a rough guideline of the orders of magnitude
of di�erence between the e�ective strengths of the forces.

Force Strength Mediators
Strong 10 Gluons
Electromagnetic 10−2 Photons
Weak 10−13 W, Z
Gravitational 10−42 Gravitons

Bosons The gauge bosons described in the SM are the force mediators of the fundamental forces of
nature: the electromagnetic, the weak, and the strong force. Gravity is the only fundamental force that
is not represented by the SM. On the scale of ranges in particle physics, it is by far the weakest force,
as can be seen from Table 2.2.
The fermions explained in the paragraph above are subject to these fundamental forces, and can interact
with each other by exchanging the force mediators. The mediating particles are gauge bosons, which
are particles with an integer spin.
The photon is a massless, electrically neutral particle me-
diating the electromagnetic (EM) force between electri-
cally charged particles only. The photon couples there-
fore to all charged SM particles and their antiparticles,
such that the electric charge is conserved in this interac-
tion. The EM interaction, which is pictured in a Feyn-
man diagram in Figure 2.2, does not change the �avor of
the particle.

Figure 2.2.: SM Feynman diagram
of the EM interaction
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2.1. The Standard Model

Gluons are massless particles as well. They carry the
strong force, and like the quarks they are also color-
charged, because of which they cannot occur in isolation.
Due to their color-charge, gluons only couple to quarks
(Figure 2.3 (a)) or to themselves (Figure 2.3 (b)). The
latter is called gluon self-coupling.
The gluons mediating the strong force bind the quarks to-
gether in all hadrons. Since the proton is the only stable
hadron, it is probed in high-energy particle physics exper-
iments in order to investigate its constituents. This prob-
ing is called �deep inelastic scattering�, where an electron
for instance is brought into collision with a proton. The
electron penetrates the proton and scatters o� one of
the partons. By observing such processes, the distribu-
tion of the partons inside the proton can be determined,
which is then summarized as a �parton distribution func-
tion� (PDF) [11, p. 134]. Free partons, such as the re-
maining constituents of the proton, hadronize due to the
color con�nement, and form clusters of hadrons. In the
detector these clusters produce particle showers, which
are called �jets�. A jet typically consists of about 65 %
charged hadrons, 26 % photons and neutral pions, and
9 % neutral hadrons [13, p. 2].

(a) A gluon creating a quark pair

(b) Gluon exchange

Figure 2.3.: SM Feynman diagrams
of the strong interac-
tions

W± and Z bosons on the other hand are massive par-
ticles, which are the mediators of the weak force. All
fermions can interact via the weak force, including the
neutrinos, which cannot interact via any other force.
Weak interactions di�erentiate between particles of cer-
tain handedness, and can therefore only be undertaken
by left-handed particles and right-handed antiparticles.
Due to the electric charge of the W± boson, its exchange
involves a transfer of electric charge, and is therefore
called �charged current�. The exchange of a neutral Z
boson on the other hand is called �neutral current�.
Similar to the electromagnetic interaction via a photon,
the electric charge has to be conserved in the neutral
current interaction as well, which is shown in Figure 2.4
(a). Therefore, the �avor of the fermions involved in
this �rst-order interaction does not change, since only
particle-antiparticle pairs are taking part.
Interactions involving a W boson on the other hand can
either happen between a lepton and a neutrino (Fig-
ure 2.4 (b)), or between an up- and a down-type quark
(Figure 2.4 (c)). In both cases, the �avor of the particles
can change, so that interactions between all generations
are possible.

(a) Z boson couples to any SM fermion and
its antiparticle

(b) W boson couples
to any SM lep-
ton and its cor-
responding neu-
trino

(c) W boson couples
to any SM up-
type and down-
type quark

Figure 2.4.: SM Feynman diagram
of the weak interac-
tions
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In contrast to the gauge bosons, the Higgs boson does not have a spin of +1, but a spin of 0. It
is therefore a scalar boson. The Higgs h couples to all massive SM particles X with a certain coupling
strength ghXX . Since the coupling strength is proportional to the mass of the particle, it determines
how heavy the elementary particles are. As the Higgs boson is a massive particle itself, it also couples to
itself. The Higgs self-coupling, as well as all couplings to other SM particles are not well measured yet,
since the Higgs discovery is the Standard Model's most recent addition [1, 2]. The precise measurements
of all Higgs boson properties is an important physics goal of all current and future high-energy particle
physics experiments, such as the International Linear Collider.

2.2. Production modes at lepton colliders

The production modes in high-energy lepton colliders are quite di�erent from the production modes at
hadron colliders, such as the Large Hadron Collider (LHC) for instance. Since at the LHC two proton
beams are brought into collision, the dominant processes that occur are via the strong interaction. The
QCD processes, such as the jet production processes, therefore have an event rate that is up to seven
orders of magnitude higher than Higgs boson production processes, as shown in Figure 2.5 (b). As
these QCD jet production processes are often not the main focus of physics analyses, they then count
as physics background. With a background rate larger than the main focus process (the signal event)
by several orders of magnitude, the signal-to-noise ratio can be very small, which makes the use of
triggers necessary and the analysis of the collision data challenging.

The production modes at e+e− colliders on the other hand are all through weak and electromag-
netic interactions, since leptons do not interact via the strong force. QCD jet production via gluon
exchange therefore does not occur at a lepton collider. All production modes are through direct e+e−

annihilation and e+e− scattering. Figure 2.5 (a) shows that the rates of possible production modes,
such as the production of quark-antiquark pairs or of bosons, are all within a range of only four orders
of magnitude for a collision energy of 250 GeV.

The collision energy
√
s, or often called center-of-mass energy Ecm, between two relativistic beams

with four-vectors2 p1 and p2 is calculated as follows:

s = (p1 + p2)
2

= p21 + 2p1p2 + p22

= m2
1 + 2(E1E2 − ~p1 ~p2) +m2

2

by using E2− p2c2 = m2c4. In a particle collider, where the beam particles have the same mass m and
beam energy E, but opposite momentum (~p1 = −~p2), it follows:

≈ 2m2 + 2E2 + 2|~p|2

≈ 4E2

with E2 ≈ p2 � m2. The collision energy in a particle collider can therefore be approximated as√
s = 2E.

Figure 2.5 does not only show the event rate on the right hand y-axis, but also the cross section on
the left hand y-axis. The cross section σ for the occurring interaction can be thought of as an e�ective

2
The four-vectors contain the particle's total energy and its momentum vector: p = (E, ~p)
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(a) e+e− cross section [14] (b) pp cross section [15]

Figure 2.5.: Cross section at e+e− (a) and pp colliders (b) as a function of the collision energy.

cross-sectional area of the target particles. It is therefore the fraction of the number of interactions
(per unit time) over the number of incident particles (per unit time per unit area). The unit of cross
sections in particle physics is called �barn� (�b�), which is equivalent to 10−28 m2.

2.3. Background processes at lepton colliders

As discussed in the section above, there are no QCD processes at lepton colliders. Instead, the beam
particles are elementary and their energies are well de�ned, which has a big impact not only on the
possible physics processes but also on the background sources for the particle detectors.
At hadron colliders, the backgrounds are dominated by the QCD background and by underlying events,
since the actual collision happens between constituents of the two colliding hadrons. The remaining
constituents, however, do not disappear but hadronize and leave their traces in the detector as well.
Since this is not the case in lepton collisions, the events are in comparison very clean. Nonetheless,
there are still di�erent background sources, from beam-beam interactions and from interactions of the
beam particles with the accelerator itself. The background processes will be explained in detail in the
following.

9



2. Physics at lepton colliders

Figure 2.6.: Creation of a secondary e+e− pair through the collision of beamstrahlung photons
arising from the electromagnetic �eld of the colliding beam bunches [19, p. 29].

2.3.1. High cross section background processes from beam-beam interactions

A signi�cant background source for the particle detectors arises from the electromagnetic �elds created
by the highly focused beam bunches. Before the collision, the particle beams are focused down to a
small beam size, which enhances the electromagnetic �eld around the bunches. This causes the beam
particles to emit photons in the forward direction, the so-called beamstrahlung.

The beamstrahlung can be characterized through the beamstrahlung parameter Υ, which is for
Gaussian lepton beams with N beam particles per bunch and with the beam dimensions σx,y,z [16, 17]:

Υ =
5

6

γNreλe
(σx + σy)σz

(2.1)

with re being the classical electron radius (re = e
2

4πε0me
), me the electron mass, and λe = 1

me
.

From that, one can calculate the average energy Eγ of the beamstrahlung photons [18, p. 77]:

Eγ ∝
N

(σx + σy)σz
(2.2)

The average number nγ of beamstrahlung photons that are emitted is proportional to:

nγ ∝
N

(σx + σy)
(2.3)

The number of photons is therefore dependent on the beam size and the number of particles per beam
bunch. Beamstrahlung also causes the creation of other particle types that can be misinterpreted in the
detectors as part of the signal events. The processes involving beamstrahlung interactions are discussed
in the following.

2.3.1.1. Pair background

Due to the high density of beamstrahlung photons at the collision point, particle interactions between
photons from opposite beam bunches or between photons and the actual beam particles can occur,
which is illustrated in Figure 2.6. Such interactions are then called beam-beam interactions, since they
arise from interactions between the two colliding beams.
One possible outcome is the production of an electron-positron pair through three di�erent physics
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2.3. Background processes at lepton colliders

processes, which are depicted in Figure 2.7. In all three cases a �secondary� e+e− pair is produced, either
through the interaction between a beamstrahlung photon and a virtual photon emitted by a primary
beam particle (Bethe-Heitler process, Figure 2.7 (a)), or through the interaction of two beamstrahlung
photons (Breit-Wheeler process, Figure 2.7 (b)), or lastly through the interaction of two virtual photons
being emitted from particles of the two opposite beams (Landau-Lifschitz process, Figure 2.7 (c)).

�
beamstrahlung

virtual

e+

e

e−

(a) Bethe-Heitler

�
beamstrahlung

beamstrahlung

e+

e−

(b) Breit-Wheeler

�
virtual

virtual

e

e

e−

e+

(c) Landau-Lifschitz

Figure 2.7.: The �rst-order Feynman diagrams of the production processes of background pairs at
an e+e− collider: Bethe-Heitler, Breit-Wheeler, and Landau-Lifschitz.

For the three processes, the e�ective total cross section for a single �nal-state particle can be
written as [16]:

σBH = 15.4
α2r2e

γ2
K

(
γme

p∗

)5/3

(τ
1/3
0 − τ−1/30 )

log( p∗τ0
2γme

)
+ 0.21

 (2.4)

σBW = 4.9
α2r2e

γ2
K2

(
γme

p∗

)4/3

log(1/τ0) (2.5)

σLL = 5.09
α2r2e

γ2

(
γme

p∗

)2

log(1/τ0)

log( p∗τ0
2γme

)
log

(
p∗

2γmeτ0

)
+ 3log

(
p∗

2γme

)
+ 4.44

 (2.6)

with the variables being: the Lorentz factor γ, the �ne-structure constant α, the minimal required
transverse momentum p∗, and the tangent τ0 = tan(θ0/2) with the (minimal) angle θ0 to the z-axis
of the produced particle. The K factor represents the dependence on the beam parameters and the
beamstrahlung parameter Υ:

K =
σz
γλe

Υ2/3 (2.7)

The produced e+e− pairs are low pT particles, which means that they have a small momentum
in the transverse beam direction. The reason for that is the fact that the beamstrahlung photons are
already boosted in the forward direction, i.e. in the beam direction. Further characterizations of this
pair background can be found in Chapter 5.

2.3.1.2. Bhabha scattering and γγ → hadrons

Further background particles are produced by processes with much smaller cross sections than for the
pair background in the section above. At the International Linear Collider for example, about 1-2× 105
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2. Physics at lepton colliders

electrons and positrons from the pair background are expected per bunch collision, whilst only around
one event per bunch collision is expected for the productions of hadrons from beamstrahlung photons,
and even less than one for the Bhabha scattering [20].
Figure 2.8 shows the Feynman diagrams for Bhabha scattering and the γγ → hadrons process. Al-
though both of these processes produce particles with low transverse momentum as well, the interaction
products leave traces in the detectors, which overlay with signal physics events.

�e−
e+

γ

e−

e+

(a) Bhabha scattering

�
γ

q̄

q

γ

(b) γγ →hadrons

Figure 2.8.: The �rst order Feynman diagrams of the Bhabha scattering and the γγ →hadrons
process.

2.3.2. Machine backgrounds

Apart from the backgrounds induced from beam-beam interactions, there are also secondary particles
which are created from beam interactions with the accelerator components. Especially those created in
the proximity to the collision region can reach the particle detectors and cause background levels that
need to be investigated. Besides synchrotron radiation photons, which are emitted due to the de�ection
of charged particle beams in a magnetic �eld (see also Section 3.4), and the beamstrahlung mentioned
above, the most prominent machine backgrounds are the following:

� Muons emitted from beam interactions with the accelerator machine components:
Due to beam orbit disruptions, the beam halo particles of the beam bunches hit components of
the accelerator, and interact with the material. This leads to the emission of secondary particles,
such as muons, which are boosted in the beam direction. When these muons are created in the
�nal accelerator sub-systems close to the collision region, the muons reach the particle detectors
and penetrate them almost perfectly horizontally due to their momentum.
This muon background was studied in a detailed Monte Carlo simulation presented in Chapter 6.

� Neutrons emitted from the main beam dumps:
After the beam collision, the spent beams of linear colliders are passed to the beam dumps.
By dumping the beam into the beam dumps, which often consist of water tanks, low momentum
neutrons are produced which are also directed backwards towards the collision region. This causes
a high-radiation environment in the beam dump hall, limiting the possible duration of stay for
maintenance personnel. Additionally, those neutrons reaching the detectors, do not only leave
tracks in the detector, but also cause radiation damage to the detector material.
The simulation study of neutrons originating in water beam dumps is explained in Chapter 8.

All the mentioned background sources combined represent a signi�cant background for particle detec-
tors, and de�ne their performance requirements. Detailed simulations of the sources and the e�ect of
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2.3. Background processes at lepton colliders

the background particles on the detector performance is a crucial task for the research and development
phase for detectors and machines, and are the focus of this thesis. Further details of the background
creation and characterization are given in the respective chapters.
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3 Chapter 3.

Accelerator physics of linear colliders

Since the invention of the �rst particle accelerators in the late 1920s, many di�erent forms of accelerators
were invented and developed over the years. Even though they may di�er in shape and form, they
all rely on the same principles. After a brief introduction of the principles of accelerator physics in
Sections 3.1 - 3.3, there will be a description of the two classes of particle accelerators that are mainly
used for high-energy physics nowadays: linear and circular accelerators. By looking at their advantages
and disadvantages, the di�erences between them will be highlighted in Section 3.4.

After Ernest Rutherford had demonstrated the nuclear reactions of nitrogen with alpha particles from
radioactive decays in 1919, he recognized the need for other more controlled sources of accelerated
particles [21]. In the following years, physicists endeavored to develop necessary devices, and found
that the key principle in particle acceleration lies in electrostatics [22, p. 3f].

3.1. Principles of particle acceleration

Charged particles are accelerated inside an electric �eld. In a time independent electric �eld ~E with
potential U , the particle with charge q experiences a change in its kinetic energy E by passing through
this electric �eld:

∆E = q

∫
~Ed~r = qU (3.1)

The particle's charge, expressed in the elementary charge e, is simply multiplied by the electric po-
tential di�erence in Volts in order to calculate the gain or loss of the particle's kinetic energy. Out of
convenience, the unit for energy in particle physics is therefore �electronvolt� (�eV�).

By this logic, a particle is accelerated to higher energies by applying higher and higher electrostatic
�elds. This was done in the beginning of particle accelerators by increasing the voltage applied to a
capacitor and passing the charged particle through the �eld. Unfortunately, there are limits to the
amount of voltage that can be applied before an electric breakdown. The solution seems simple:
putting several capacitors in a row. But again, this can not be done with electrostatic capacitors since
the �eld gradient between two di�erent capacitors is directed in the opposite direction. A particle
traveling from one capacitor to the next would then lose kinetic energy again in the gap between two
capacitors. A solution was quickly found by using time dependent electric �elds, which change their
�eld orientation periodically.
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3. Accelerator physics of linear colliders

Figure 3.1.: Schematic layout of a linear accelerator with drift tubes of increasing lengths after
the design by Rolf Widerøe [24, p. 40].

(a) Picture of a TESLA-style 9-cell niobium cavity [25,
p. 15].

(b) Schematic drawing of the electric �eld lines inside
a cell cavity [26, p. 47].

Figure 3.2.: The multi-cell RF cavities have a characteristic shape which is modeled in such a
way that the electromagnetic (EM) RF �eld inside the cavities resonates. Figure (a)
shows a 9-cell cavity with the �TESLA� shape. Figure (b) illustrates the �eld vectors
of the EM �eld in the single cells of the cavity.

In simple terms, these are the key principles of linear particle accelerators. Better accelerating
structures such as drift tubes and later on superconducting radio frequency (RF) cavities were developed
over the years. The �rst linear accelerator using normal conducting drift tubes of increasing lengths was
built and demonstrated by Rolf Widerøe in 1928 [23, p. 6]. A schematic drawing of such a structure
is shown in Figure 3.1. RF �elds are applied to the drift tubes such that the particles are accelerated
when passing through the gaps in between the tubes. Due to the increase in the particles' energy, the
tubes need to have increasing lengths in order to guarantee the particles being accelerated by the same
phase of the RF �eld.

Nowadays, particle accelerators all over the world mainly use RF cavities instead of drift tubes.
High-power RF cavities are made of superconducting material, since its electric resistance is minimal.
Unlike before, the acceleration takes place inside the cavities, and all cavity cells are of the same length
and shape. Their characteristic shape has the e�ect that the electromagnetic (EM) wave inside the
cavity is resonant with a high quality factor. The quality factorQ describes how large the damping of the
EM wave is, as it is the ratio of the stored energy over the dissipated energy [23, p. 148]. The larger the
quality factor, the smaller the damping e�ect. Figure 3.2 (a) shows a 9-cell niobium cavity developed
at Deutsches Elektronen-Synchrotron (DESY) in Hamburg. Its shape is called �TESLA-style�, its
accelerating gradient exceeds 35 MV m−1, and it can be tuned to an RF frequency of 1.3 GHz [25, p.
15f]. The RF �eld direction inside a cell is oscillating with the RF frequency, and neighboring cavity
cells show opposite �eld directions (see Figure 3.2 (b)). The frequency is then tuned such that the
beam always experiences an accelerating RF phase. In contrast to the drift tubes explained above, the
matching of the particles to the wanted accelerating RF phase is therefore done by time dependent
frequencies, whilst for the drift tube structures it is done purely by the change in the geometry of the
tubes.

16



3.2. Transverse beam dynamics

The development of the linear accelerating structures remains a signi�cant factor for modern
particle accelerators. Nevertheless, the advance in the research e�orts for other accelerator designs has
also an essential impact: The drift tube linac (short for linear accelerator) was not the only accelerator
concept developed by Rolf Widerøe, he even more importantly invented the very �rst accelerating
structures using magnetic �elds. By using a magnetic �eld, the charged particles are de�ected on a
radial path, which therefore allows the accelerator to be much smaller than before [23, cf. p. 8]. This
idea was needed in order to advance from purely linear to circular particle accelerators.

3.2. Transverse beam dynamics

Although completely new accelerator designs are now possible by using magnetic �elds, circular ac-
celeration of charged particles has certain challenges. From the equilibrium of the Lorentz and the
centripetal force follows:

q(~v × ~B) =
m~v2

~r
(3.2)

qvB~er =
mv2

r
~er

r =
mv

qB
(3.3)

=
p

qB
(3.4)

Since the momentum p of the charged particle rises over time during the acceleration, the radius r of
its circular path increases if the magnetic �eld B is constant. The accelerator hence has to be built
accordingly, taking the increase in the radius into account, or needs to use magnets with variable �eld
strengths. The latter is done in synchrotron machines, a type of circular accelerator combining the
principles of all particle accelerators mentioned above: acceleration in RF cavities, variation of the
RF frequency, and variable magnetic �eld strengths. In this way, the particles are traveling along a
stationary orbit, passing through the same bending dipole magnets and cavities over and over again
until the desired beam energy is reached.

To ensure the stability of the orbit, additional quadrupole magnets focus the beam horizontally
and vertically onto the ideal particle orbit. However, as the focal length of these quadrupole magnets
depends on the particle momentum, o�-momentum particles due to the natural spread in the particle
energy cause the quadrupoles to introduce chromatic aberrations. Therefore, sextupole and possibly
octupole magnets are needed, which then correct orbital �uctuations. The need for higher order cor-
rection magnets can also be derived from the expansion of the magnetic �eld around the ideal path of
the particle (x = 0):

By(x) = By0 +
∂By
∂x

x +
1

2!

∂2By

∂x2
x2 +

1

3!

∂3By

∂x3
x3 +... (3.5)
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When multiplying with q
p :

q

p
By(x) =

q

p
By0 +

q

p

∂By
∂x

x +
1

2!

q

p

∂2By

∂x2
x2 +

1

3!

q

p

∂3By

∂x3
x3+... (3.6)

=
1

r
+ kx +

1

2!
mx2 +

1

3!
ox3 +... (3.7)

→ dipole + quadrupole + sextupole + octupole +...

and equivalently for Bx(y).
Equation 3.7 shows the connection between the radius and the magnetic �eld in the dipole component
(using Equation 3.4). In the quadrupole, sextupole and octupole components, factors for the magnet

strength are introduced. According to the Maxwell equation ~∇ · ~B =
∂By

∂x −
∂Bx
∂y = 0, the Lorentz force

on a particle in a quadrupole magnet, has therefore to be written as [27, cf. p. 372]:

Fx = −qv∂By
∂x

x

= −qβc∂By
∂x

x (3.8)

= −gx (3.9)

Fy = qv
∂Bx
∂y

y

= qβc
∂Bx
∂y

y (3.10)

= gy (3.11)

From the opposite signs in Equations 3.9 and 3.11, it becomes clear that quadrupoles can only
focus in one direction, whilst they defocus in the other. A schematic cross section of a quadrupole
magnet is shown in Figure 3.3, in which a positively charged particle beam would be focused in the
y-direction and defocused in the x-direction. The magnetic �eld lines point from the magnetic north
pole to the south pole, and get denser towards the edges of the beam pipe. The further a beam particle
is away from the center, the stronger is the magnetic �eld it experiences, and the more it is de�ected
towards (or away from) the center, much like light in an optical lens.

Due to the fact that there are focusing and defocusing quadrupoles, so-called FODO structures
are commonly used in particle accelerators. FODO is an alternating structure made out of focusing
quadrupole magnets (�F�) and defocusing ones (�D�), with drift paths (�O�) in between (see Figure 3.4).
The naming only refers to one of the planes (either horizontally or vertically), since a quadrupole focuses
horizontally whilst it defocuses vertically or vice versa. Theoretically, a �FODO� cell in x is therefore a
�DOFO� cell in y. Hence, several of these structures, which act like optical lenses, are needed to focus
the particle beam in both directions, horizontally and vertically. Due to the restoring force, particles
that were de�ected by the focusing magnets start to perform betatron oscillations around the ideal
particle trajectory. The amplitude of these oscillations is the beam envelope that covers the paths of
all beam particles, i.e. the transverse beam dimension at a given location. It can be expressed by the
two beam parameters β and ε which will be explained in the following:

� The beta function β describes the spatial dependency of the amplitude and the wave length of
the betatron oscillations. It is a periodic function, dependent on the focusing strengths and the
location of the magnets along the beam path. At any given point along the path, the β value can
be given in units of length. Of particular interest is its value at the interaction point (IP), the
point of the beam collisions, where it is then called β∗. In order to minimize the beam size at the
IP, the beta function is tailored such that it has a local minimum at this point.
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3.2. Transverse beam dynamics

(a) Schematic cross section of a quadrupole magnet
with the four magnetic north and south poles. The
beam pipe is centered in the middle between the pole
shoes [24, p. 88].

(b) Magnetic �eld lines inside an ideal quadrupole
magnet [28]. The �eld lines are directed from the
north to the south poles, and become denser to-
wards the edges. At any given point, the direction
of the magnetic �eld (B) and the resulting Lorentz
force (F) can be determined. A beam of positively
charged particles going into the page would be fo-
cused in the y-direction and defocused in x.

Figure 3.3.: Schematic drawings of the cross section of an ideal quadrupole magnet (a), and of
the magnetic �eld lines in the center of such a quadrupole magnet (b).

Figure 3.4.: Schematics of a FODO structure in the horizontal and vertical plane. The particles
are focused and defocused by the quadrupoles that act as lenses [24, p. 65].
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3. Accelerator physics of linear colliders

� Like the beta function, the transverse emittance ε is de�ned in the horizontal and vertical plane.
In simple terms, ε is a direct measure of the convergence of the beam with respect to its spread in
space and in transverse momentum. A small emittance therefore means that the beam particles
are con�ned to a small space, with a narrow transverse momentum distribution. It also has the
units of length, and is often given as the normalized emittance ε∗ = εβγ, with β = v

c and the
relativistic Lorentz factor γ = 1√

1−β2
.

Together, the spatial amplitude of the betatron oscillations can be written as
√
εβ. Since the amplitude

of these oscillations counts towards the size of the beam, its contribution to the beam size can then be
written as σbetatron =

√
εβ. The amplitude is also shown as the maximum extent in x in the phase-space

ellipse, shown in Figure 3.5. The phase-space is spanned by x and x', where x can stand for the x and
y-direction. x represents the position of the particle, and x' represents the change in position along the
particle trajectory s, so that x'= dx

ds . The beam emittance ε can be de�ned in terms of the phase-space
ellipse more accurately than it was done above. ε is hence de�ned as the area (divided by π) of the
phase-space ellipse.

The ellipse drawn in the phase-space illustrates the qualities of the particle beam. Since the
particles' spread in position and momentum varies along the beam line, the shape of the ellipse changes
constantly, but the area of the ellipse stays the same for energy-conserving systems. The normalized
emittance ε∗, which was explained above, is the quantity which is adiabatically invariant under energy
change.

Figure 3.5.: Phase space ellipse [29, based on p. 158]

The variables α and γ are de�ned here as: α = −1
2β
′ and γ = 1+α

2

β [30, cf. p. 283�].

The actual transverse size of the beam is not yet fully de�ned by the spatial amplitude of the
betatron oscillations [31, cf. p. 108�]. The deviation from the ideal particle trajectory due to the
momentum spread has to be taken into account, which is de�ned by the dispersion function η. Like ε
and β, it is dependent on the position along the beam trajectory, and can be de�ned as η = dx

dδ , with
the fractional deviation from the ideal particle momentum p0: δ = ∆p/p0.
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With this knowledge, the overall beam size can be calculated by using the betatron oscillation amplitude
as well as the spread in the particle momentum distribution for all particles:

σ =

√
σ2betatron + σ2dispersion (3.12)

=

√√√√ε · β +

(
η

∆p

p0

)2

(3.13)

3.3. Longitudinal beam dynamics

Apart from the transverse beam dynamics, there are also e�ects in the longitudinal direction, concerning
the movement of the particles along the beam trajectory. As mentioned above, both modern accelerator
concepts, linear accelerators as well as synchrotrons, use RF cavities in order to accelerate the particles.
Due to the nature of these accelerating structures, there is a certain phase of the RF frequency that
can accelerate the particles in an optimal way. In order to provide this ideal acceleration to all beam
particles, the beam has to be bunched.

In circular accelerators, this bunching happens naturally due to the choice of the RF frequency
and the timing of the beam arriving at the accelerating cavities. The RF frequency is chosen such that
the particles with the ideal momentum p0 arrive at the cavity at the synchronous phase ψs, which is o�
the crest of the RF wave. Depending on the system, ψs is then appointed to be either on the rising or
the falling edge of the accelerating RF wave, or at the zero crossing. In a circular accelerator, such as a
storage ring, the particles are to be constantly accelerated and longitudinally focused at the same time.
ψs is therefore o�-crest on the falling edge of the RF wave. For relativistic particles traveling close
to the speed of light, their orbit along the storage ring depends on the di�erence of their momentum
∆p to the ideal momentum p0. Particles with a smaller momentum travel on an orbit that is smaller
than the ideal orbit. This is due to the fact that the radius of the particle's path in a magnetic dipole
�eld depends on the momentum of the particle, which is shown in Equation 3.4. These particles on a
smaller orbit will arrive at the next accelerating cavity earlier than the ideal particles (which arrive at
the synchronous phase ψs), and will therefore experience a larger �eld which accelerates the particles
to higher energies. Particles that have energies larger than the ideal particles are de�ected onto a larger
orbit and will therefore arrive late at the RF cavity, where they then gain less energy. Hence, particles
are accelerated by di�erent phases of the RF �eld, as can be seen in Figure 3.6. Particles arriving later
will be accelerated less, particles arriving too early will be accelerated more. The particles oscillate
about this ideal stable phase ψs, and are therefore focused longitudinally. This e�ect is called �phase
focusing�.

However, in linear accelerators bunching is done di�erently and in several stages. The initial
bunching is done directly after the particle source, which is the very �rst stage of acceleration. As the
particles at this stage are still non-relativistic, one of the possible methods that can be used is �velocity
bunching� [29, cf. p. 541�]. For this, the continuous stream of particles is passed through a set of
RF cavities, where the velocity spread induced by the RF frequency causes bunches to form. Particles
arriving at the cavity at a phase with negative voltage will be decelerated, whilst particles arriving at a
phase with positive voltage will be accelerated (see Figure 3.7). Over a set of several cavities, bunches
are formed.

After the pre-acceleration, the now relativistic bunches can be further compressed to the desired
bunch length by so-called bunch compressors, which use �magnetic compression�. There are several
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3. Accelerator physics of linear colliders

Figure 3.6.: Relativistic charged particles with the ideal momentum (∆p/p = 0) travel on the ideal
orbit of the accelerator, and arrive at the next accelerating RF structure at the RF
phase ψs, the so-called �synchronous phase�. Particles with a smaller momentum
(∆p/p < 0) travel on a shorter orbit, and will arrive earlier than the ideal parti-
cles. These particles will therefore be accelerated more, whilst particles with a larger
momentum will be accelerated less respectively. Illustrations based on [32].

Figure 3.7.: Velocity bunching: The beam arrives at the RF cavity such that the bunch head ex-
periences a decelerating RF phase, whilst the bunch tail experiences an accelerating
force.
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methods used, which all in principle are based on the idea of shortening the bunch by exploiting the
momentum spread of the beam particles [29, cf. p. 378�]. One of the methods uses the same idea as
explained above for circular accelerators. It is illustrated in Figure 3.8. By sending the bunches through
a chicane1 with bending magnets, the particles' orbit though the chicane depends on their relativistic
momentum. Before the chicane, the still elongated bunches are passed through an RF cavity such
that the bunch heads experience a decelerating RF phase, whilst the tails experience an accelerating
phase. The synchronous phase ψs is hence designed to be at the zero crossing of the RF wave. In the
chicane, the high-momentum particles of the tail are de�ected less, and will travel on a shorter orbit
than the low-momentum particles. At the end of the chicane, the di�erence between the time of arrival
of the head and the tail particles is smaller, the bunches have been compressed longitudinally. Another
method of �magnetic compression� is explained in Section 4.2.1.

Figure 3.8.: Magnetic compression: After passing through an RF cavity, the particles in the bunch
head have a lower momentum compared to the particles of the bunch tail. This causes
the particles of the bunch to travel along di�erent orbits in the chicane depending on
their momentum. Since the tail particles have a higher momentum, they travel on a
shorter orbit and will arrive at the end of the chicane at a similar time as the bunch
head particles. Illustration based on [33, p. 75].

3.4. Linear colliders in comparison to circular colliders

These transverse and longitudinal beam dynamics described in the sections above are of course valid for
circular as well as linear accelerators. In both machines, the acceleration with RF cavities, for instance,
is accompanied by beam de�ections and corrections with the help of magnets. Naturally, the beam line
of a circular accelerator contains on average more bending magnets than a linear accelerator.

Currently, the world's largest circular particle collider is the Large Hadron Collider (LHC) at
CERN, a synchrotron with a circumference of approximately 27 km. The design collision energy of the
two colliding proton beams is 14 TeV, and its nominal peak luminosity L is 1034 cm−2s−1 [34, p. 3].
The collision energy

√
s, or often called center-of-mass energy Ecm, between two relativistic beams is

calculated as shown in Section 2.2.

1
A chicane is a deviation from the original direction of the beam line using bending magnets. Chicanes are used for
certain processes, such as energy or particle �ltering.
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The luminosity of a particle collider is proportional to the rate of collisions that can occur, and it is
de�ned as:

L =
N1N2 · nb · frep

2π ·
√
σ2x,1 + σ2x,2

√
σ2y,1 + σ2y,2

(3.14)

If the bunch sizes σx and σy of the opposite beams are equal:

=
N1N2 · nb · frep

4π · σxσy
(3.15)

N1,2 is the number of particles per bunch, which is usually similar for both beams, so that N1 ≈ N2.
frep is the beam pulse repitition frequency. Together with nb, the collision frequency is then nb · frep,
i.e. the number of bunches nb colliding per second. σx,y is the beam size in the horizontal and the
vertical plane. Table 4.1 in Chapter 4 lists these parameters and their values for the LHC in comparison
to the International Linear Collider (ILC). In order to translate the luminosity into an event rate Ṅ ,
the luminosity value has to be multiplied by the cross section σprocess of the physics process that is of
interest. Since the LHC detectors only measure events from inelastic scattering, the LHC event rate
can be calculated by taking only the cross section for inelastic proton-proton scattering into account,
which is measured to be approximately 78 mb [35].

Ṅ = L · σinelastic (3.16)

= 1034cm−2s−1 · 78mb (3.17)

= 7.8× 108s−1 (3.18)

Every second about 780 million events are occurring at the LHC. With its high luminosity and high
collision energy, the possible physics processes from the hadron collisions cover wide energy ranges,
because of which it is a so-called �discovery machine�. New particles, often seen as resonance peaks in
the measured mass spectra, can be discovered more easily than at accelerators with smaller collision
energy due to the large phase-space. This was the case in 2012 for instance, when the LHC experiments
found a peak at an invariant mass of about 126 GeV, shortly thereafter recognized as the very �rst
measurement of a Higgs boson [1, 2].

Why these �discovery machines� are hadron and not lepton colliders, and why they are circular
and not linear, is to be explained with the physical qualities of the colliding particles. Hadrons are by
de�nition composite particles, the actual colliding particles in a collision are therefore their partons,
the constituents of the hadrons. The energy that the single partons have follows a certain probability
function, leading to the fact that the collision energy in hadron colliders can cover a large range. This
so-called deep inelastic scattering is explained in more detail in Section 2.1.

In contrast to that, a collision of leptons as elementary particles is the interaction of exactly these
leptons at exactly their given energy. This is one of the reasons why lepton colliders are called �precision
machines�. Nevertheless, discoveries of new particles have also happened at lepton machines, such as
the discovery of the charm quark in 1974 [36] and the tau lepton in 1975 [37] at the e+e− collider
SPEAR [38]. The decision whether to build a lepton or a hadron collider therefore depends mainly on
the physics goal.

The next question to be answered is which design the collider should have, linear or circular.
Again, both alternatives have advantages and disadvantages. One advantage of circular accelerators
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3.4. Linear colliders in comparison to circular colliders

was already mentioned, namely the possibility to go to high energies by letting the beams perform
more revolutions and hence gain more and more energy from every turn. This is not possible in linear
colliders, since the beams are not reused but dumped after every collision. The full collision energy has
to be gained in a single go. The only way to increase the collision energy of a linear collider is to make
the accelerating line longer, or to use accelerating structures with higher gradients. So, why do linear
colliders exist at all?

The answer lies in the synchrotron radiation, radiation in the form of photons being emitted by
de�ected charged particles. Every de�ection in a magnetic �eld yields an energy loss in the form of this
synchrotron light, and the smaller the radius of the accelerator's bending magnets, the more energy
loss the beam su�ers from. The synchrotron radiation power is given as [39, p. 33]:

PS =
e2c

6πε0

1

(m0c
2)4

E4

R2 (3.19)

This directly leads to the energy loss per turn in a circular accelerator with a bending radius R. T is
the time duration per turn, in which the particle beam is bend in the dipole magnets:

∆E = PS · T (3.20)

= PS
2πR

c
(3.21)

=
e2

3ε0(m0c
2)4

E4

R
(3.22)

In order to counteract the loss, the beam has to be accelerated by at least ∆E for every turn. Equa-
tion 3.22 also implies that a circular accelerator with high beam energies either has to have accelerating
cavities with extremely high gradients and strong dipole magnets, or that its radius has to be so large
that it can compensate for the factor E4. Having a closer look at the equation, it now becomes clear
why the LHC is a hadron collider: Due to the factor m−40 , the synchrotron radiation is much lower
for particles with higher masses. When comparing two versions of the LHC: one version with 6.5 TeV
beams of protons, and one version with electrons, then it can be calculated directly that an �Electron-
LHC� would lose about 1.14 · 1013 times as much energy from synchrotron radiation as the existing
LHC, simply because of the electron-proton mass ratio:

∆Ee
∆Ep

=
m4
p

m4
e

=
7.75 · 1011MeV4

6.82 · 10−2MeV4

= 1.14 · 1013

Constant beam energy loss is not the only way in which synchrotron radiation a�ects the operation
of the accelerator. The synchrotron radiation also causes damage to the particle detectors as well as
to the diagnostic devices along the accelerator ring. The only way to prevent the sensitive devices
from the radiation damage is to use shielding materials and to build up shielding walls where needed.
Additionally, the constant (but �uctuating) beam energy loss increases the uncertainties on the physics
measurements, as the measurements rely on a precise knowledge of the beam energy.
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3. Accelerator physics of linear colliders

Overall, synchrotron radiation is a critical issue for circular accelerators, and is always aimed to
be minimized by using beam particles with high masses and by building accelerator rings with large
radii.
Concluding, a circular hadron collider lends itself to be a particle accelerator in the high-energy frontier,
whereas a linear lepton collider is destined to be a collider in the precision frontier. Nevertheless, there
have also been circular lepton colliders in the past, such as the Large Electron-Positron Collider (LEP)
at CERN before the LHC was built into the same tunnel. LEP was in use from 1989 until 2000, and
accelerated electrons and positrons to a center-of-mass energy of up to 209 GeV [40]. At such energies,
the loss due to synchrotron radiation can be calculated as above, and is with 3.79 GeV per turn still
tolerable. Although it was a circular collider, it was still possible to collide leptons at reasonably high
energies and to do important precision measurements of the W and Z boson.

A question of money In the end, the deciding factor when considering the design for a future collider
is not only the physics goal, but also the cost for the accelerator. For the overall expected cost, there
is a rough rule of thumb formulated by Burton Richter in 1979 [41, p. 87�]. Based on cost estimates
of previous accelerators, the cost of circular accelerators tends to grow quadratically with the nominal
center-of-mass energy, whilst it grows linearly with the energy for linear colliders.
Strictly speaking, the proportional cost growth for linear colliders is true considering only the accelerat-
ing structures, since the achievable energy is increasing linearly with the length of the accelerator. But
there is more to a linear collider than just the accelerating structure: damping rings, focusing systems
and beam dumps are only a few examples of what a linear collider layout contains as well. These
elements, which add inevitable basic costs, are explained in more detail in Chapter 4.2. Apart from
the basic costs, the increase in costs when reaching higher center-of-mass energies is therefore larger for
circular than for linear colliders. This is true from about 200 GeV for circular machines with normal
conducting accelerating structures, and about 350 GeV with superconducting accelerating structures,
as illustrated in Figure 3.9.

Figure 3.9.: Relations between the construction cost and the center-of-mass energy for linear and
circular e+e− colliders [42, p. 13].
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4 Chapter 4.

The International Linear Collider

For answering the fundamental questions of mankind, it is necessary to understand the world in great
detail. In order to con�rm theories in particle physics, or to disprove them, it is often important to be
able to measure the properties of particles or their interactions to high accuracy. For measurements in
high-energy particle colliders, such precisions can only be reached in lepton colliders. This chapter will
present a new design for a collider at the precision frontier: the International Linear Collider (ILC).
The physics motivation (Section 4.1), the proposed layout (Section 4.2), the possible construction site
(Section 4.3), and the detectors (Section 4.4) for such a capable accelerator will be explained.

The world's currently largest particle collider for high-energy physics experiments is the Large Hadron
Collider (LHC). It is a machine at the energy frontier, aimed at discovering new particles at high
center-of-mass energies. As explained in Section 3.4, both hadron and lepton colliders have advantages
and disadvantages. In the end, the decision on the collider layout depends on the physics goals of the
future collider experiment.

The last lepton collider for high-energy physics experiments was the Large Electron-Positron Col-
lider (LEP) with a center-of-mass energy of 209 GeV [40]. It was running from 1989 until 2000, as
mentioned in Section 3.4. A new lepton collider at higher collision energies was therefore envisioned,
that would be complementary to the LHC, aiming rather for much needed precision than for searching
for new particles at high energies. The International Linear Collider (ILC) was hence proposed, which
intends to �nd new particles and new physics in highest precision measurements at center-of-mass en-
ergies between 250 GeV and 1 TeV. In the following section, the ILC is motivated through its physics
goals.

4.1. Physics motivation

The ILC is often called the future Higgs factory, which will measure the properties of the Higgs boson
with much higher precision than has been done so far. The full ILC program includes also measuring
the top quark properties, and Beyond Standard Model (BSM) searches. Since the �rst ILC stage will
run at a center-of-mass energy of 250 GeV, this section will focus on the measurements of the Higgs
boson. In Section 4.1.3, a brief overview of further physics goals is given.
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4. The International Linear Collider

4.1.1. How to reach unprecedented precisions

To reach the precision the ILC promises, it must achieve four di�erent objectives, which are pointed
out in its Technical Design Report1 (TDR) [44, p. 2�]. These objectives are all linked so that each one
is dependent on the others. In the following paragraphs, these four objectives of the ILC are explained
in comparison to the LHC.

Figure 4.1.: Comparison of the event displays of a Higgs event at the LHC and at the ILC. The left
�gure shows an event of a Higgs boson decaying to two e+e− pairs at the LHC [47].
On the right, an event display of a Zh→e+e− h event at the ILC is shown [48].
At the LHC, underlying events and pileup events populate the detector, whilst at the
ILC the hits are mainly from the �nal state particles of the physics interaction of
interest.

Minimal background Due to leptons in the initial state2, there will be one physics process per
colliding lepton pair. Leptons are elementary and not composite particles like the proton, therefore
there are no underlying events which arise from other partons of the composite particle. The energy
range of the �nal state particles is restricted, since the initial energy of the colliding beams can be set
precisely and only point-like particles collide. By adjusting the center-of-mass energy of the collision
and running threshold scans at the mass of the particle of interest, the rate of the desired process can
be increased. This is only possible at lepton colliders.
Additionally, the ILC shall have polarized beams. Beam polarization contributes to reducing the
background level as well, since the polarization can be set in such a way that weak interactions are either
enhanced or suppressed. As the weak interaction acts only on left-handed fermions, the polarization (or
handedness) of the beam particles has an e�ect on the processes that can occur. This e�ect can be seen
directly by looking at the two possible production modes at an e+e− collider (see also Chapter 2.2):
direct e+e− annihilation, and e+e− scattering. In the SM annihilation process, the electron and positron
have to be of opposite handedness due to the nature of weak interactions. The annihilation cross-
section can therefore be enhanced by polarizing the beams to have opposite polarization. For the
e+e− scattering process, the handedness of the �nal state particles is dependent on the handedness

1
The four volumes of the ILC TDR were published in 2013, and contain apart from an executive summary [43] also all
details about the physics goal [44], the layout [25, 45], and the detector experiments [46].

2
The initial state of a process is the set of incoming particles that undergo an interaction. The �nal state particles are
therefore the particles leaving the process.
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of the incoming particles. By setting di�erent polarization combinations, the properties of the �nal
state particles, the interactions, and the couplings can be studied. Therefore, depending on the physics
process of interest, the polarization can enhance the signal whilst suppressing the background.
Figure 4.1 shows two event displays of a Higgs event at the LHC and the ILC in comparison. Due to
the nature of composite particles, event displays at the LHC are dominated by underlying events and
pileup events. At the ILC, the event displays are clean, and the tracks from the �nal state particles of
the physics event can be distinguished easily.

Democratic particle cross sections Because the elementary coupling of Z bosons and photons is of
the same order for all quarks and leptons, the e+e− annihilation produces pairs of all species at similar
rates. In addition, the ILC will record all events without triggers. This means that no process will be
rejected, and the complete readout of all events measured with the detectors will be stored for later
analysis. This is only possible because the total number of detector hits from background events is
small. Small background levels therefore imply small detector occupancies.

Small uncertainties The initial state of all events is precisely known, both in terms of the particles
undergoing the interactions and in terms of the energies involved in the initial states. Additionally, there
are only events with couplings to electroweak interactions, so that PDF uncertainties and systematic
uncertainties due to QCD corrections are omitted.
The small uncertainties enhance theoretical and experimental precisions at e+e− colliders.

Complete knowledge Because of the small background and the possibility to record and store the
complete detector readouts, processes can be reconstructed in completeness without theoretical as-
sumptions. The quark and lepton momenta can therefore be determined by kinematic �ts. Studies of
the spin-dependence of the production and decay processes are also possible.
Due to the high energy resolution and the fact that the initial particle energies are precisely known,
particles with small mass di�erences are distinguishable, i.e. peaks in mass spectra that are close to-
gether are more likely to be separable. That means that new particles might indeed be found at the
ILC.
Additionally, c-tagging will be a possible tool for physics analyses, and will improve many physics
studies at the ILC. The lifetime τ of charm mesons before they decay is between ∼0.4 and 1.1 ps, which
corresponds to a decay path cτ of between ∼120 and 330 µm [11, p. 1044�]. The lifetime for bottom
mesons in comparison is between ∼0.5 and 1.6 ps [11, p. 1137�]. Since distinguishing the distance be-
tween the primary and the secondary vertex (where the meson decays) for bottom and charm mesons
is only possible with a vertex detector with micrometer resolution, c-tagging is in general very di�-
cult. However, it will be possible at the ILC, because the detector concepts foresee such a resolution,
and because of the nanometer-sized ILC beams. The ILC will have a Final-Focus system as the �nal
part of the accelerator, which focuses the beam bunches before the collision (see Section 4.2.1). The
nanometer-sized beam allows the inner layer of the vertex detector barrel to be very close to the beam,
and thereby improves the �avor tagging e�ciency.

4.1.2. ILC as a Higgs factory

The �rst ILC stage will be a so-called Higgs factory, tuned to a center-of-mass energy of 250 GeV,
where the cross section for Higgs production is at its maximum. As the ILC is planned to have a large
luminosity and the capability for precision measurements, the individual Higgs boson qualities can be
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measured to a percent accuracy in a completely model independent way. These Higgs boson properties
include the Higgs mass, its couplings to Standard Model particles, as well as its total decay width. In
contrast, for the LHC experiments, global �ts to all Higgs signals together with theoretical assumptions
of its decay width are the only way to gain the Higgs couplings.
After a brief overview of the Higgs production modes and the determination of the Higgs properties,
it will be shown how the unprecedented precisions of the physics measurements are achievable at the
ILC.

4.1.2.1. The Higgs production modes at an e+e− collider

There are three main production modes for Higgs bosons at an e+e− collider, such as the ILC. As can be
seen in Figure 4.2, the largest contribution to the overall production cross section is the Higgsstrahlung
process, where a Higgs boson is produced in association with a Z boson (e+e− → Zh). In vector boson
fusion (VBF) processes, like the WW fusion and the ZZ fusion, the fusion of two bosons produces a
Higgs boson and a pair of leptons. For the WW fusion, an electron-neutrino and its antineutrino are
produced (e+e− → νν̄h), whilst for the ZZ fusion it is an electron and a positron (e+e− → e+e−h).
The production cross sections for these processes as a function of the center-of-mass energy behave
quite di�erently: The dominant process at energies between 200 and 450 GeV is the Higgsstrahlung
process, replaced by the WW fusion process above 450 GeV. The ZZ fusion cross section contributes
the least, with less than 10 fb. It is suppressed, since the couplings of the neutral current are smaller
than the charged current couplings.

As the cross section of the Higgsstrahlung process peaks at 250 GeV, the �rst ILC stage will mainly
use this production mode for the precision measurements of the Higgs boson qualities. At 250 GeV,
the ILC will provide an even more precise measurement of the Higgsstrahlung cross section and hence
of the branching ratios of the various decay modes of the Higgs boson than at a center-of-mass energy
of 500 GeV [49, p. 14]. This is true despite the lower luminosity at 250 GeV, due to the larger cross
section and the smaller background occupancy of the detectors (see Chapter 5.6).

4.1.2.2. The Higgs measurements

To know the Higgs couplings to Standard Model (SM) particles as precisely as possible is one of the
most important goals for the ILC. Many theories about particles beyond the SM predict deviations
from the SM couplings at the 1 % level. Therefore, if these theories prove to be true, only with the
highest precisions could a new particle be discovered, and a di�erent model beyond the Standard Model
be acknowledged.

As shown in the section above, the Higgsstrahlung production mode presents a prominent way
to measure the Higgs boson properties. Due to the accurate knowledge of the initial state particles
(the colliding electron and positron) and their energies, the unambiguous reconstruction of the Z bo-
son recoiling against the Higgs boson makes the identi�cation of the Higgs possible without the need
to reconstruct its decay particles. This recoil method to identify the Higgs independently of its de-
cay channels therefore allows a model independent way to determine the Higgs mass, its total decay
width, the branching ratios, and the Higgs couplings. The high precision of the Higgs measurements
will furthermore be a result of the high luminosity of the ILC and of the peak cross section of the
Higgsstrahlung mode.
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Figure 4.2.: Cross sections for the Higgs production modes at the ILC, with a beam polarization
of 80% for the electron and 30% the positron beam [49, p. 13]. These are the design
beam polarization values for the ILC beams (see Section 4.2.1).
The three main processes are ZZ fusion, WW fusion, and Higgsstrahlung. The black
line (�SM all ff̄h�) represents all Standard Model processes producing a fermion-
antifermion pair and a Higgs boson.

Higgs mass To gain the recoil mass mrecoil of the Higgs boson, the di�erence in the four-momenta
between the Z boson decay particles and the initial state particles has to be calculated [50, cf. p. 7]:

mrecoil = Pini − (Pf+ + Pf−) (4.1)

Pini is the sum of the four-momenta of the initial state particles, Pf+ and Pf− are the measured four-
momenta of the fermionic decay products of the Z boson.
Higgsstrahlung events with the Z boson decaying into two leptons, especially muons, are the cleanest
events, yielding the highest precisions of the Higgs measurements due to the high-resolution track-
ing detectors and the muon-veto system of the detector concepts. By counting such events, the full
Higgsstrahlung cross section σ(e+e− → Zh) can be determined to a 1 % precision [49, p. 12].

Higgs decay width The total decay width Γh,tot can be measured through [49, p. 14]:

Γh,tot =
Γ(h→ XX)

BR(h→ XX)
(4.2)

where Γ(h → XX) is the partial decay width, speci�c for the Higgs decay to any SM particle X.
BR(h→ XX) is the corresponding branching ratio.
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Figure 4.3.: Branching ratios of the Standard Model Higgs decay channels, as a function of the
Higgs mass [44, p. 15].

The branching ratios are calculated by �rst measuring the rates of the occurring decay channels. A
branching ratio of a certain decay channel is then determined by dividing the measured event rate
by the production cross section σ, since event rates are given as σ · BR. Due to the high precision
measurement of the Higgsstrahlung cross section, as discussed in the paragraph above, the branching
ratios can be calculated equally precisely. Figure 4.3 shows the branching ratios of the Higgs boson as
a function of the Higgs mass.
The partial decay width of a given decay is measured as the resonance width in the mass spectrum of
the decay particles. However, the decay width Γ(h→ ZZ∗) can be gained through the relation [49, p.
14]:

Γ(h→ ZZ∗) ∝ g2hZZ ∝ σ(e+e− → Zh) (4.3)

with the Higgsstrahlung production cross section, and the Higgs coupling ghZZ to the Z boson.
Finally, by combining the branching ratio with the partial decay width, the total Higgs width

is determined in a model independent way without theoretical assumptions, since both the branching
ratio and the partial width were measured independently of the Higgs decay channels.

Higgs couplings The coupling of the Higgs boson to any Standard Model particle X is given with
the notation ghXX , and expresses the strength of the interaction between the Higgs and particle X. This
coupling constant is involved in both the Higgs production and its decay, and is hence a dependency
of the production cross sections as well as of the decay branching ratios.
The dependence between the coupling constant and the cross section for the Higgsstrahlung, for in-
stance, is given as [51, p. 4]:

σ(e+e− → Zh) = F1 · g2hZZ (4.4)

where F1 is a parameter that can be calculated unambiguously from the Feynman diagram for this
process. ghZZ can therefore be determined with high precision, comparable to the precision of the
Higgsstrahlung cross section determination itself.
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All other couplings however are gained via the partial decay width Γ, which is calculated through
the total Higgs width and the various branching ratios:

g2hXX ∝ Γ(h→ XX) = Γh,tot ·BR(h→ XX) (4.5)

The precision on the couplings is directly dependent on how accurately the full process can be measured
and recorded. As explained above, the reconstruction of complete events at the ILC with its low
background occupancies enables a model independent determination of the Higgs boson qualities. The
recoil method to gain the full Higgsstrahlung cross section allows the calculation of the Higgs branching
ratios and the total decay width without theoretical assumptions.
In contrast to that, due to large background levels and therefore high detector occupancies in hadron
colliders, speci�c processes are not easily distinguishable from background events. Additionally, the
main Higgs production mode at hadron colliders is gluon-gluon fusion, which is open to processes
beyond the Standard Model. These are the reasons why LHC experiments can not measure the full
Higgs cross section without model dependent assumptions, which is the key to a model independent
determination of the Higgs properties.

(a) Model independent analysis (b) Model dependent analysis

Figure 4.4.: Comparison of the precision reached at the ILC and at the High-Luminosity LHC
(HL-LHC) for couplings ghXX (here named as κX) of the Higgs boson (h) to SM par-
ticles (X) [52].
Plot (a) shows the relative precisions for the Higgs couplings calculated from model

independent �ts to simulated data from the ILC with di�erent center-of-mass ener-
gies. Plot (b) shows the Higgs coupling precisions calculated from model dependent

�ts to simulated data from the HL-LHC in comparison to simulated data from the
ILC.

This leads to di�erences in the relative Higgs boson coupling precisions of a factor of up to 10
between High-Luminosity LHC (HL-LHC) and ILC results, as can be seen in Figure 4.4. The ILC
stage at a center-of-mass energy of 250 GeV will deliver Higgs coupling precisions to a percent level. As
discussed above, the coupling to the Z boson can be measured with such high accuracy that even in the
initial ILC run a precision of about 0.75 % can be achieved [52, p. 6]. After an upgrade to a center-of-
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mass energy of 500 GeV, the precisions for all couplings will improve by at least a factor of two. When
comparing the coupling precisions achieved through model dependent �ts of the High-Luminosity LHC
(HL-LHC) to precisions achieved at the ILC (see Figure 4.4b), the di�erences between the two machines
become clear. Nevertheless, a synergy of the data collected at both machines is bene�cial for the Higgs
coupling to photons for instance. The combined knowledge reduces the relative precision from a few
percent to below 1 % precision.

4.1.3. Physics at later ILC stages

The ILC physics program has an excellent discovery potential for new physics. The �rst stage at
250 GeV has the capability to make prominent progress in the Higgs sector by measuring the Higgs
branching ratios to the highest precisions, as shown in the Figure 4.4. The later stages will complete
this picture: precision measurements of the top quark, further Higgs measurements, and BSM searches
will be accessible at 350 GeV, 500 GeV, and possibly 1 TeV.

The ILC at a center-of-mass energy of 350 GeV will enable a threshold scan of tt̄ production in
order to measure the top quark mass and its total decay width to unprecedented accuracy. This will
be the �rst time that the top quark properties are measured at a e+e− collider. To this end, the top
quark mass measurements are aimed at a precision of around 40 - 75 MeV, with a statistical precision
of about 13 MeV [53, p. 24]. The most recent value for the total uncertainty from direct top quark
measurements is 600 MeV, given in the Review of Particle Physics (2017) [54]. Figure 4.5 shows the
cross section of the top quark pair production at the tt̄ threshold.

Figure 4.5.: Top quark pair production cross section at the ILC at a center-of-mass energy of
350 GeV after one year at the design luminosity [50, p. 15].

At a center-of-mass energy of 500 GeV, further improvements in the precision measurements of the
Higgs boson properties can be achieved. As has been shown in Figure 4.4, the Higgs coupling precisions
will be improved by a factor of two. The Higgs coupling to the top quark can be derived from precision
cross section measurements of tt̄h processes. Since the top quark is the heaviest known elementary
particle, it is expected to have the strongest coupling in the Higgs sector. Therefore, its mass and its
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Figure 4.6.: Feynman diagrams of the Higgs self-
coupling processes: e++ e− → Zhh
and e++ e− → νν̄hh, with the subse-
quent decay of the Higgs boson to bot-
tom quarks [55].

Figure 4.7.: Double Higgs production
cross sections at the ILC
normalized to the Standard
Model cross section for dif-
ferent values of λ [53, p.
23].

coupling to the Higgs boson are important quantities in many particle physics theories, and will be
measured in a model independent manner as described in the section above. The full ILC program will
yield a precision of the Higgs coupling to the top quark of about 2 % in model independent analyses [55].
Only with such precisions, can deviations from Standard Model predictions be discovered, which has
implications for new physics beyond the Standard Model.
Additionally, measuring the Higgs self-coupling in double Higgs production processes is another goal of
the ILC. In the processes e++ e− → Zhh and e++ e− → νν̄hh (see Figure 4.6), the Higgs self-coupling
can be measured to an accuracy of 16 % at the ILC stages at 500 GeV and 1 TeV [55]. With these
processes, the precision on the cross sections can indicate deviations from the Standard Model. For
higher and lower values for λ (which is a coe�cient in the Higgs potential [11, p. 174]) compared to its
Standard Model prediction, deviations from the Standard Model cross section can be observed, as shown
in Figure 4.7. For the case that λ = 2λSM , the cross section for e++ e− → Zhh at a center-of-mass
energy of 500 GeV is increased by about 60 %.

In all stages, the discovery potential in precision measurements is considerably improved. This
includes searches for dark matter, supersymmetry (SUSY), and further beyond the Standard Model
theories. Figure 4.8 shows the predicted MSSM3 Higgs coupling deviations from Standard Model
couplings. For the bottom quark and the tau, the deviation is about 3 %. As shown in Figure 4.4 (b),
the achievable HL-LHC coupling precision in these channels, however, ranges between 2 % and 7 %.
The aimed-for ILC precisions of between 0.5 % and 2 % for the coupling to the bottom quark and the
tau will allow to distinguish the MSSM model from the Standard Model.

Searches for dark matter in the form of WIMPs (weakly interacting massive particles) (χ) at a
particle collider is challenging, since they are neutral and weakly interacting, and therefore do not leave
signals in collider detector experiments. One of the ILC strategies is to observe the pair production

3
The Minimal Supersymmetric Standard Model (MSSM) is a supersymmetry model that considers the minimum amount
of particle states in addition to the Standard Model, in order to realize the SUSY phenomenology [56].
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Figure 4.8.: Predicted MSSM deviations from Standard Model Higgs couplings [50, p. 12]. The
error bars represent the uncertainties expected from model independent analyses of
the given ILC data set.

Figure 4.9.: Feynman diagrams of a WIMP pair production in a e+e− collider, with initial state
radiation [57, p. 4].

of such invisible dark matter particles through the initial state radiation4 in the form of a photon.
Figure 4.9 shows two Feynman diagrams of such processes. As there is no QCD background and the
QED background can be addressed by the beam polarization (see Section 4.1.1), the ILC experiments
can detect particles with energies of about 1 GeV and below [50, p. 20]. Once such a WIMP candidate
was found, its mass could be determined with an accuracy of approximately 1 % [53, p. 27].
A complete overview of the physics motivation for the various ILC stages can be found in [49].

4.2. The ILC layout

After having de�ned the ILC goals, a layout for the accelerator was then formulated, which would be
able to deliver its objectives. The ILC is envisioned as an e+e− collider with a high luminosity and
state-of-the-art technologies for the detectors and the machine.
The following sections will explain the designs of the collider and the detector concepts, which are the
result of over twenty years of research at over 300 science laboratories and universities all over the
world [43]. The ILC project is therefore truly an international project.

4
Initial state radiation is the radiative emission of a particle from the process's incoming particles
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Figure 4.10.: Schematic layout of the ILC [43, based on p. 9]

Figure 4.10 shows the schematic layout of the ILC. By choosing it to be a linear collider, it is
extendable in length allowing to upgrade the accelerator to higher center-of-mass energies. With an
initial center-of-mass energy of 250 GeV for its �rst stage, the ILC is proposed to be upgraded to
350-500 GeV and possibly even 1 TeV.

The ILC was originally designed to collide electron and positron beams with a center-of-mass
energy of 500 GeV in the �rst stage of operation. The layout of this 500 GeV machine is summarized
in great detail in the Technical Design Report (TDR) [58]. Because of political developments and the
request in 2017 to reduce the initial construction cost, the �rst stage collision energy was reduced to
250 GeV. As it is in the nature of linear accelerators that the beam energy is linearly proportional to
the accelerator length, the basic layout of the ILC as stated in the TDR is still the same for the new
so-called ILC250. However, the changes that were made to the layout are given in this section, together
with an overview of the generation, preparation and collision of the particle beams in this linear collider
concept.

4.2.1. From beam generation to collision

Beam sources The electrons are produced by a GaAs photocathode in a DC electron gun [45, p.
13]. By shining a circularly polarized laser on the electron beam, a beam polarization Pe of at least
80 %5 is achieved, i.e. more than 80 % of all electrons have the same handedness. In the following
equation, a beam polarization of 80 % is shown [45, p. 81]:

Pe =
NL −NR

NL +NR
> 0.8 (4.6)

where NL is the number of left-handed electrons, and NR is the number of right-handed electrons. The
electrons from the electron source are captured and continue along the electron beam line. The beam
lines contain several sub-systems that prepare the beams for the main acceleration and the �nal collision.
One of the �rst sub-systems of the electron beam line is the initial bunching and pre-acceleration of

5
This is a design choice of the ILC. For the positron beam an opposite polarization of 30% is envisioned (see below).
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Figure 4.11.: Schematic of an electron beam traveling through an undulator with dipole magnets
in alternating order [39, based on p. 41].

the beam with normal-conducting RF cavities. This is done using �velocity bunching�, as explained
in Section 3.3. Being pre-accelerated to 76 MeV in this step, the now bunched electron beams are
accelerated to 5 GeV by a superconducting booster linac [45, p. 81f].

The positron source consists of an undulator and a conversion target [45, p. 90f]. In an undula-
tor, dipole magnets are placed in a line in such a way that their polarity alternates periodically (see
Figure 4.11). For the creation of the positrons, the electron beam is used, which is guided through a
231 m long helical undulator after being accelerated to the �nal beam energy of 125 GeV. Using an
undulator with a helical magnetic �eld causes the electrons to be de�ected on a helical trajectory, and
to emit synchrotron radiation photons that are circularly polarized6. The high-energy photons are then
converted in the 7 mm thick titanium-alloy conversion target, where e+e− pairs are produced due to
pair production. As the pair production from circularly polarized photons yields longitudinally polar-
ized e+e− pairs [59], the beam of the captured positrons will have a polarization of at least 30 % [45, p.
14]. The whole process leads to an e�ective positron yield of 1.5 positrons per original beam electron
passing through the undulator [60]. Due to the fact that the positrons were produced by using an
already bunched electron beam, the positron beam is bunched as well.

Damping rings Since the electrons and positrons still have a large emittance from when they origi-
nated from their sources, their momentum and beam sizes have to be condensed. This is done in the
damping rings, which have a circumference of 3.2 km [45, p. 14]. A layout of the ILC damping rings
is shown in Figure 4.12. As discussed before, the beams will emit synchrotron radiation when they
are de�ected in a magnetic �eld. This is desired in the damping rings in order to �cool� the beams,
i.e. to reduce their momenta due to the emission of photons. The emission of synchrotron radiation
happens in the curved sections of the damping rings, but also in the straight sections by the use of
wigglers. Wigglers are similar to undulators, but use fewer magnet pairs and higher magnetic �elds.
Charged particles are therefore de�ected more in wigglers. Since the synchrotron radiation photons are
emitted tangentially to the beam particle's path, the particle's momentum in the forward direction is
reduced. By accelerating the beams in RF cavities in the straight sections, the beam momentum in the
z-direction is increased. Overall, the momentum in the desired direction rises, whilst the momentum
spread shrinks.

6
For circularly polarized light, the �eld vector of its electromagnetic wave rotates around the direction of propagation.
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Figure 4.12.: Schematic layout of the ILC damping rings. Next to the injection and extraction
system, there are wigglers and RF cavities for the emittance reduction, as well as
a chicane for circumference adjustments, and a phase trombone for accommodating
changes in the RF phase [45, p. 15].

This is, however, not the only e�ect of damping rings. As shown in Section 3.3, the orbit of charged
particles in an external magnetic �eld depends on their momenta. In the bends, o�-momentum particles
travel on an orbit with a di�erent radius than particles with the ideal momentum. Entering the straight
sections from suboptimal orbits causes orbit distortions and aberrations in the straight sections, which
again causes a rise in the beam emittance. To counteract this e�ect, a chicane (see Chapter 3.3) is
needed for adjusting the circumference. An additional phase trombone system, which consists of sets
of alternating quadrupoles, regulates the orbit aberrations due to changes in the RF phase. Because
of the design choice of having a pulse repetition rate of 5 Hz, the beams are stored for 200 ms in the
damping rings, performing about 18 000 turns. After this amount of turns, an equilibrium emittance
is reached, and the high quality beam with small beam emittance is extracted and continues along the
beam lines.

Bunch compressors After passing the damping rings, the electron and positron beams are com-
pressed in bunch length by a two-stage compressor system, using �magnetic compression�. Here, the
bunch length is reduced from several millimeters to 300 µm. In both compressor systems, RF cavities
are used together with wigglers, which compact the beam momentum by exploiting the momentum
spread within the beam bunch. As discussed in Section 3.3, the RF frequency and the timing is chosen
such that the bunch tail experiences an accelerating phase in the RF cavity, whilst the bunch head
experiences a decelerating phase. The low-momentum particles of the bunch head will therefore be
de�ected more in the wiggler, whilst the high-momentum particles of the tail are de�ected less. At the
end of the compressor system, the particles of the bunch tail and head will have gotten closer, leading
to a shortened beam bunch.
The usage of two separate systems relaxes the requirements a single system would need to ful�ll, and
allows more �exibility in the operation, e.g. to reduce the beam length below 300 µm [45, p. 124]. In
the process of the bunch compression, the beam bunches will be accelerated from 5 GeV to 15 GeV.

Main linacs Continuing along the beam line, the bunches are injected into the main linear accelerator
structures (main linacs). The two main linacs are designed to accelerate the beams from 15 GeV to

39



4. The International Linear Collider

Figure 4.13.: Maximum and usable gradient distribution of the �nal European XFEL cavities.
The number of cavities showing a certain gradient is displayed as the bar chart.
The so-called usable gradient is the e�ective gradient a cavity reaches under strict
requirements, such as achieving the operational speci�cation for the quality factor.
The yield, which is shown as the line graphs, is de�ned as the fraction of cavities
which have a gradient higher than the speci�ed value on the x-axis [61, p. 18].

the �nal beam energy of 125 GeV, leading to a center-of-mass energy of 250 GeV. They have a length
of 5 km each, and use 1.3 GHz superconducting RF cavities with an average accelerating gradient of
31.5 MV m−1 [62]. A picture of one of these cavities is shown in Figure 3.2a. Since cavities of the same
design are already in use for the European XFEL (X-Ray Free-Electron Laser) at Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, their high performance has already been demonstrated [63]. The
gradient distribution of the cavities used at the European XFEL is shown in Figure 4.13. The average
of the maximum gradient reachable per cavity module is about 35 MV m−1, which is higher than the
ILC requirements. This is especially remarkable, as the cavity speci�cations for the European XFEL
are lower than for the ILC. Another key point is that the production of the cavities is an industrialized
process. The high gradients are therefore not demonstrated in a laboratory environment only, but the
gradients are also achieved in a more automated procedure.

Beam Delivery System The Beam Delivery System (BDS), which has an overall length of about
4.4 km, transports the bunches from the linacs to the interaction point (IP). In the BDS, the beams are
focused to nanometer size by the Final-Focus (FF) system, which is a crucial part of the ILC program.
Only with nanometer-sized bunches can the ILC reach luminosities comparable to or beyond the LHC,
since the total production cross section for e+e− colliders is several orders of magnitude smaller than
for proton-proton colliders, such as the LHC, at their respective collision energies (see Figure 2.5).
To demonstrate the feasibility of nanometer-scale beams, a test facility was built that is a small scale
prototype of the FF system for the ILC: the Accelerator Test Facility 2 (ATF2), which will be presented
in more detail in Section 7.1.

The BDS system not only contains the FF system, but also various feedback diagnostics and
beam-halo collimators for removing the halo of particles around the beam core in order to reduce the
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Figure 4.14.: Schematic layout of the Beam Delivery System (BDS) for the electron beam line.
After the main linac, the BDS for the electron beam line reaches from about Z =
=2.2 km to the interaction point (IP) at Z = 0. The vertical colored lines along the
beam line represent the magnets and other devices of the various sub-systems. Next
to diagnostic devices, such as the polarimeter and the energy spectrometer, there
are collimation systems to focus and to prepare the beam for the collision at the IP.
The primary dump at Z = 300m is the electron beam dump [45, p. 135].

beam background at the IP. The sub-system layout for the sophisticated BDS is shown in Figure 4.14.
Additionally, shielding systems are installed at various locations along the BDS line, again in order
to keep the background level at the IP as low as possible. Chapter 6 will talk about muon shielding
options that are considered for the ILC.
The background studies done for this thesis are focused on background sources close to the IP. All of
these background particles originate therefore in the �Final-Focus region�, containing the BDS, the FF
system, the IP, and the beam dumps (which will be explained below).

Beam collision After the Final-Focus system, the beams are then �nally brought into collision with
a crossing angle θC of 14 mrad at the IP[43, p. 9-10]. With so-called crab cavities, the bunches are
rotated horizontally so that e�ective head-on collisions are possible. This is illustrated in Figure 4.15.
The crab cavities are also superconducting RF cavities, but designed for an RF frequency of 3.9 GHz
and an accelerating gradient of 5 MV m−1 [45, p. 154]. The RF phase is modeled in such a way that
only the head and the tail of the beam bunch experience acceleration, but in opposite directions.
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Figure 4.15.: Schematic of a beam crossing with crab cavities. In a crossing with crossing angle
θC , head-on collisions are only possible with crab cavities that rotate the beam in the
horizontal plane.

The voltage Vcrab needed to rotate a bunch with energy Ebunch can be calculated as follows [64]:

Vcrab =
cEbunchθC

2ωR
(4.7)

θC is the crossing angle, ω is the RF frequency of the crab cavity, and R is the ratio of the bunch
displacement at the IP to its divergence, i.e. the ratio of the spatial shift at the IP to the increase in
the beam size. With all other quantities �xed, only R can be increased in order to reduce the required
voltage. Therefore, the crab cavities are positioned at locations where this ratio R between the spatial
shift and the beam size increase is calculated to be large. For the ILC, it was calculated that the crab
cavities should be located 13.4 m up- and downstream of the IP [45, p. 154].

Beam parameters Table 4.1 shows the beam parameters for the baseline design at 250 GeV center-
of-mass energy, and for the energy and the luminosity upgrade stages. These beam parameters and the
according machine parameters from [43, p. 11, 65] were used for the simulation studies of the e+e−

pair background in Chapter 5.

For all ILC running scenarios, the beam sizes are several orders of magnitude smaller than for
the LHC Run 2, which is the reason for the comparable luminosities as mentioned above. Despite
the number of bunches per pulse and the bunch population being smaller, the LHC luminosity can
be exceeded. It is striking that the beam sizes in the horizontal and vertical plane are symmetric
for the LHC, whereas they are di�erent for the ILC. This is a design choice, reducing the e�ect of
beamstrahlung whilst enhancing the luminosity. As shown in Equation 2.3, the number of background
particles from beamstrahlung is inversely proportional to the sum of the beam sizes (σx + σy). At the
same time, the luminosity is inversely proportional to the product of the beam sizes (σx ·σy), as shown
in Equation 3.15. By choosing the beam sizes to be σx � σy, the product is small leading to large
luminosities, while the sum is large leading to a diminished background rate.
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Table 4.1.: Baseline beam parameters for di�erent phases in the ILC operation scenario (ILC250,
ILC500, Luminosity Upgrade, TeV Upgrade) [43, p. 11, 65] in comparison to LHC
Run 2 beam parameters [66, p. 3�, 67].

ILC250 ILC500 Lumi

Up

TeV

Up

LHC

25ns

ECM Center-of-mass energy (GeV) 250 500 500 1000 14 000
nb Number of bunches 1312 1312 2625 2450 2808
frep Pulse repetition rate (Hz) 5 5 5 5 11 245
∆tb Bunch seperation (ns) 554 554 366 366 25
N Bunch population 2.0·1010 2.0·1010 2.0·1010 1.74·1010 11.5·1010

qb Bunch charge (nC) 3.2 3.2 3.2 2.7 18.4
σ∗x Horiz. beam size at IP (nm) 515.5 474 474 481 16 700
σ∗y Vert. beam size at IP (nm) 7.7 5.9 5.9 2.8 16 700
σz Longit. beam size (mm) 0.3 0.3 0.3 0.25 0.755
L Luminosity (cm−2 s−1) 1.35·1034 1.8·1034 3.6·1034 3.6·1034 1.0·1034

Figure 4.16.: Hall of the ILC interaction region with the two detectors in the �push-pull� sys-
tem [43, p. 29].

Interaction region and beam dumps The interaction region (IR) houses the two detectors for the
ILC: the Silicon Detector (SiD) and the International Large Detector (ILD), which are in a so-called
�push-pull� system. The detectors are explained in more detail in Section 4.4. The layout of the IR
hall and the two detectors is shown in Figure 4.16.
After the collision, the spent beams are guided through the extraction line towards the main beam
dumps, where they are dumped. The current designs for the main beam dumps are based on a water
tank, using high-pressure water with velocity �ow systems. Since the water tanks are designed to be
su�cient for all energy and luminosity stages, they are supposed to withhold a particle beam with a
beam power of 17 MW for the 1 TeV operation [45, p. 18]. This leads to high irradiation of the beam
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Figure 4.17.: Di�erent layouts for the ILC250 stage. The original layout has foreseen a 31 km long
tunnel �tting linacs for 250 GeV beam acceleration, which would lead to a center-
of-mass energy of 500 GeV.
For the ILC250 stage, the linacs are reduced in length. The discussions about the
layout involves also the length of the tunnel. Option B and C foresee longer tunnels
that would facilitate a later energy upgrade to 350 or 500GeV.
Options A', B', and C' correspond to options A, B, and C regarding the tun-
nel length, but they assume RF cavities with a gradient of 35MVm=1 instead of
31.5MVm=1 in order to reduce the number of cavities needed [69, p. 19].

dump surrounding and dangerous conditions for maintenance sta�. In Chapter 8, which talks about
the simulation of the main beam dumps done for this thesis, more details are given for the current
beam dump designs.

4.2.2. Staging

As mentioned above, the panel of the International Committee for Future Accelerators (ICFA) o�cially
decided in 2017 to reduce the center-of-mass energy of the �rst ILC stage to 250 GeV, in order to reduce
the total costs of the ILC project. ICFA's o�cial statement declares that the �[...] International Linear
Collider (ILC) operating at 250 GeV center-of-mass energy will provide excellent science from precision
studies of the Higgs boson. Therefore, ICFA considers the ILC a key science project complementary
to the LHC and its upgrade. ICFA welcomes the e�orts by the Linear Collider Collaboration on cost
reductions for the ILC [...]� [68].

The total costs for realizing the ILC includes the manpower, the costs for the construction of the
conventional facilities, such as the underground tunnels and the surface buildings, and the costs for
the production and assembling of the accelerator and detector components. When breaking the total
costs down into the subsystems, then the conventional facilities together with the production of the
RF modules for the main linacs make up almost 75 % of the total costs [43, p. 20f]. These estimations
are based on cost inquiries with several industrial companies, as well as on experiences gained at other
accelerator projects, such as the European XFEL which uses the same design for the RF cavities as
planned for the ILC.

Regarding the ILC layout, several options are under discussion which are shown in Figure 4.17.
These options would yield a cost reduction of up to 34 % [70], resulting in about 66 % of the initial costs
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(a) With TDR scheme (b) With enhanced beam focusing

Figure 4.18.: Two possible run plans for the staged ILC [49, p. 8].

for the 500 GeV machine by reducing the length of the tunnel (options A, B, and C), or by additionally
reducing the number of RF cavities (options A', B', and C').
In option A, the tunnel is shortened from 31 km for the original TDR design to 20.5 km, �tting merely
the main linac modules for a center-of-mass energy of 250 GeV. Options B and C are already taking
into account the possibility of upgrading the ILC to higher center-of-mass energies in later stages, so
that the longer tunnels of 27 km and 33.5 km leave room for the upgrades to 350 GeV and 500 GeV
respectively [69, p. 19].
In options A', B', and C', the RF cavities are planned to have on average a larger accelerating gradient
of 35 MV m−1 (instead of 31.5 MV m−1 for the TDR cavities) so that a smaller number of cavities would
still lead to the same beam energy as for options A, B, and C [69, p. 19]. Overall, option A' foresees
the shortest possible tunnel for 250 GeV and the smallest number of cavities, and therefore results in
the highest cost reduction.

As explained before, the costs for the tunnel and the accelerating structures represent indeed the
largest fraction of the total costs, and will be reduced by the staging options. However, the other
parts of the accelerator and the surface buildings will not change with the staging scenarios but form
basic costs because of which the maximum cost reduction cannot exceed 34 %. Therefore, it has to
be considered whether the cost cutback of option A' outweighs all other options with a tunnel length
suitable for an energy upgrade. An extended tunnel would give a positive sign to the ILC community
that an energy upgrade is de�nitely foreseen for the future.

Figure 4.18 shows two possible running scenarios for the staged ILC. In both cases, the ILC will
have energy and luminosity upgrades, so that it will reach the same integrated luminosity. Figure 4.18
(a) shows an expected operation time of 15 years for the ILC250 with a luminosity upgrade at the
midway-point. As shown in Equation 3.15, the luminosity of a particle collider is directly proportional
to the number of bunches colliding in every beam pulse. Hence, by increasing the number of bunches
by a factor of two, the luminosity for the luminosity upgrade stage is doubled. After an energy upgrade
by extending the main linacs, the operation at 500 GeV and a short run at 350 GeV for dedicated
measurements of the top quark qualities would be possible. The overall operation time would stretch
out to 26 years.
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For the second scenario in Figure 4.18 (b), it was assumed that the beam parameters are changed in
such a way that the beam is more strongly focused at the IP and therefore that the instantaneous
luminosity is enhanced. This shortens the operation time of the ILC250 stage to 11 years, and the
overall run time to 22 years, whilst still achieving the same integrated luminosity [49, p. 7].

4.3. Possible site

Out of originally more than ten potential ILC sites in Japan, the Kitakami mountains in the Tohuku
Prefecture were chosen by a committee of scientists as the preferred site for the ILC [71]. This decision
was made in August 2013 after a detailed study of all site speci�c factors, like the geological conditions,
the infrastructure, and the impact on the environment and the economy. Measurements of the Kitakami
mountains have shown that it consists mostly of granite rock with the best qualities for the ILC, with
respect to vibration and rock stress. As can be seen in Figure 4.19, the closest city (with about 120 000
citizens) would be Ichinoseki. Morioka and Sendai are the biggest cities close to the candidate site, with
Tokyo being about 430 km away. Although being in the north of Japan, the travel time from Tokyo
is only about three hours by Shinkansen, Japan's high-speed bullet train, and the proximity to the
coast line allows the transportation of construction, machine, and detector parts by ship. Additionally,
there are local airports in both, Morioka and Sendai, presenting further options for traveling and the
transportation of construction materials.

Figure 4.19.: The possible site for the ILC is the Kitakami mountains in the Tohuku prefec-
ture [72]. The blue stripe indicates the proposed position for the original ILC TDR
design with a length of 31 km.

4.4. The detector experiments

The accelerator layout explained in Section 4.2 can deliver the requirements for the ILC objectives,
which were presented in Section 4.1. It was shown that the physics goals are based on precision
measurements that heavily rely on an outstanding detector performance in order to achieve the promised
goals. The performance requirements are accordingly strict, and the detectors are designed to ful�ll
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them for the full energy range of operation. Some of the requirements are: exceptional energy and
spatial resolution, vertex recognition, and reliable �avor tagging. Additionally, the detector designs
have to address the background arising from beam-beam interactions and the accelerator itself, which
is explained in Section 2.3. Especially the forward detector systems have to be radiation hard to avoid
radiation damage. All these requirements are ful�lled in the design of the two ILC experiments.

In order to preserve competitive spirit and the ability to cross-check results, the ILC has two
detectors despite the fact that it is a linear and not a circular collider. The so-called �push-pull� system
makes this possible by allowing the detectors to switch position after a certain amount of data-taking
time. The whole detector together with the last quadrupole magnet (QD0) of the accelerator Final-
Focus system will be pulled out of the beam line, and the other detector takes its place. The whole
process is designed to take from several hours up to 1-2 days, but involves some challenges especially
for the magnets, the cryogenics, and the detector and machine alignment [43, p. 28-29].
The two detectors, the Silicon Detector (SiD) and the International Large Detector (ILD), will be
explained in detail in the following sections. The focus will lie on SiD, since all the background studies
presented in this thesis were done in the context of the SiD detector.

Figure 4.20.: The SiD detector consists of the vertex and tracking detectors (red), the electro-
magnetic calorimeter (ECAL) (green), the hadronic calorimeter (HCAL) (purple)
and the muon system (gray). All subdetectors except the muon system are inside
the solenoid magnet. Outside the muon endcaps is the detector speci�c background
shielding, called �Pacman� with an inner (light gray) and an outer (beige) layer [73].

4.4.1. The Silicon Detector

The SiD is designed to be a robust, compact multi-purpose detector. Its vertex and tracker system, as
well as the electromagnetic calorimeter (ECAL) are purely based on silicon sensors. The silicon design,
in comparison to other designs for the vertex and tracking detectors, is more robust regarding the beam
background and timing [46, cf. p. 57�].
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Being designed to be compact, the measurements for the full detector are 14 m in height and 11 m in
length. To compensate the small radius, the magnetic �eld of the superconducting solenoid magnet
is 5 T, so that SiD is hermetic and contains the full particle showers. The detector is optimized
for Particle Flow Algorithms (PFA), in order to improve on the jet energy reconstruction capability.
PFA is a method that reconstructs each particle of the �nal state individually and uses the di�erent
subdetectors for speci�c purposes. Therefore, charged particles are reconstructed from tracks in the
tracker device. The electromagnetic calorimeter (ECAL) is used for photons, and the electromagnetic
(ECAL) and hadronic calorimeter (HCAL) together for other neutral particles [13].

Table 4.2 lists the key parameters and measurements of the SiD subdetector systems together with
the technologies for the individual sub-systems. Additionally, Figure 4.20 shows a visualization of the
SiD detector and its subdetectors, which will be explained in the following paragraphs. A more detailed
description can be found in [46].

Table 4.2.: Key parameters and technologies foreseen for the baseline SiD design. All dimensions
are given in cm [73].
The column �Technology� states the detector readout technology and the material of
the absorbing layer for the calorimeter systems, e.g. tungsten (W). For the solenoid
magnet, superconducting coils are foreseen, creating a magnetic �eld of 5 T.

SiD Barrel Technology Inner radius Outer radius z extent
Vertex detector Silicon pixels 1.4 6.0 ±6.3
Tracker Silicon strips 21.5 121.5 ±150.3
ECAL Silicon pixels-W 126.5 140.3 ±176.5
HCAL SiPM-steel 140.3 256.8 ±295.0
Solenoid 5 T SC 260.4 342.9 ±295.0
Muon System Scintillator-steel 345.4 605.4 ±416.0

SiD Endcap Technology Inner z Outer z Outer radius
Vertex detector Silicon pixels 7.3 83.4 7.1
Tracker Silicon strips 77.0 164.3 125.5
ECAL Silicon pixel-W 165.7 180.0 126.5
HCAL SiPM-steel 180.5 300.0 140.3
Muon System Scintillator-steel 300.0 560.0 605.4
LumiCal Silicon-W 155.7 169.55 20.0
BeamCal Semiconductor-W 326.5 344 14.0

4.4.1.1. SiD subdetectors

SiD is a multi-purpose detector aimed for providing unprecedented precision measurements of physics
events. In order to achieve the strict SiD requirements, the individual subdetectors have to be optimized
with respect to their explicit tasks and speci�cations. The following paragraphs give an overview of all
SiD subdetectors.

Vertex detector The vertex detector, shown in Figure 4.21, will be the innermost subdetector with
the measurements of a soda can. With its �ve layers for the barrel and four layers for the endcaps, it
will be able to do very precise measurements.
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Figure 4.21.: Visualization of the SiD vertex detector [74].

The requirements for the vertex detector performance are very demanding: The spatial resolution with
less than 5 µm allows very precise tracking, whilst the impact parameter resolution is aimed for about
3 µm for the veri�cation of the primary vertex (see Figure 4.22), as well as of the secondary vertex of a
bottom quark (b-tagging) and even of a charm quark (c-tagging). The radius of the innermost layer of
the vertex detector barrel is only 14 mm, which contributes to the high impact parameter resolution.
Figure 4.23 shows the �avor tagging e�ciency and the corresponding purity in di-jet samples. Depend-
ing on the physics analysis, a working point can be chosen from the plot in order to �nd the correct
balance between high statistics and low backgrounds. The expected �avor tagging e�ciencies at the
ILC are 96 % and 35 % for b-tagging and c-tagging respectively [44, p. 54].

Figure 4.22.: Positions of reconstructed
primary vertices in sim-
ulated processes of the Z
boson decaying to light
quarks [46, p. 148].

Figure 4.23.: Purity as a function of the �avor
tagging e�ciency in SiD for di-jet
samples [75, p. 99]. The curves
show the relation for b-tagging, c-
tagging, and c-tagging with bottom
quark background only.
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Additionally, a very small material budget of about 0.1 % X0 per layer is foreseen for the vertex
detector in order to limit particle showers and multiple scattering in this subdetector [76, 77]. To achieve
this minimal material budget, sensor technologies are considered that foresee the implementation of the
sensor bu�ers on the chips directly to minimize the used material. For a comparison to the CMS pixel
detector, Figure 4.25 shows the material budget of the original and the upgraded detector. The material
budget is signi�cantly reduced for the upgrade for η above one7. In the high-η ranges, the material
budget reaches 0.7 X0. The SiD vertex detector material budget, which is shown in Figure 4.24, reaches
only 0.04 X0 up to the very forward regions.

Figure 4.24.: Stacked plot of the material
budget of the SiD vertex and
tracker detector expressed in
radiation lengths as a func-
tion of the angle to the beam
axis [77, cf. p. 51].

Figure 4.25.: Material budget of the original
and the upgraded CMS pixel
detector expressed in thickness
normalized by the radiation
length (x/X0), as a function of
η [78].

The �nal decision on the SiD sensor technology and the required pixel sizes is not made yet,
which allows the detector to have the most recent state-of-the-art technology. The currently foreseen
technology candidates are various designs based on silicon diode pixels, such as Monolithic Active Pixels
(MAPS), Chronopix, Vertically Integrated (�3D�) chips, as well as High Voltage CMOS sensors [46, p.
70 �, 79, p. 319 �].

The vertex detector is the focus of the e+e− pair background simulation study presented in Chap-
ter 5. Since the actual readout technology is not yet decided, the simulation assumes the readout
sensors to have silicon as their sensitive material, and a pixel size of 20 µm×20 µm.
It will be shown that the pair background populates the inner SiD subdetectors and causes high de-
tector occupancies. As also explained in Section 4.4.1.3, this implies that the vertex detector sensors
will either need to be cooled (increase in the material budget), or that the barrel radius needs to be
increased (worse vertex resolution). In both cases, the vertex detector performance declines. Since the

7
η is the pseudorapidity, which is commonly used in LHC experiments to express the angle relative to the beam axis:
η = −ln[tan(θ/2)]
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ILC goal of achieving unprecedented precision relies on excellent vertex reconstruction e�ciencies, the
vertex detector design will have to be optimized according to the recommendations from simulation
studies.

Figure 4.26.: The SiD tracking detector layout [74]. The drawing includes the vertex detector in
the center.

Tracking detector Outside the vertex detector is the silicon tracker, which can be seen in Figure 4.26.
For its �ve barrel layers and four endcap layers, 0.05×100 mm2 sized silicon strip sensors are planned
that will use KPiX ASIC readout chips [46, p. 74�].
As indicated in Figure 4.24, the detector requirements for the tracker foresee a strict limit on the
material budget of about 0.1 - 0.15 X0 in the central region and about 0.2 - 0.25 X0 in the endcap
region.

Calorimeters The electromagnetic calorimeter (ECAL) will be using KPiX chips as well, as it is also
based on silicon sensors. The ECAL with its 30 layers is designed to be a granular imaging calorimeter
with a pixel size of 3.5 mm×3.5 mm, meaning that electromagnetic particle showers developing in the
tungsten layers between the sensitive silicon layers can not only be measured in width and length, but
rather their shower particles can be tracked individually.
The same will be true for the highly segmented hadronic calorimeter (HCAL) with a pixel size of
1 cm×1 cm. With all subdetectors mentioned so far being inside the 5 T solenoid �eld of the SiD solenoid
magnet, particle tracking is therefore possible not only in the tracking subdetectors, but even in the
calorimeters. The 40 active layers of the HCAL will contain scintillators and silicon photomultipliers
(SiPM) measuring particle showers that are developing in the steel layers in between.
Figure 4.27 shows a simulated event display in the SiD detector, in which the granularity of the
calorimeters is apparent.

Muon system The muon chamber, which is the only subdetector outside the solenoid magnet, will
use 4 cm×1.8 m or 5.5 m long scintillator strips with SiPM readout based on the HCAL sensor technol-
ogy [46, p. 113]. The strips will be arranged such that a layer of vertical strips (with a length of 1.8 m)
will be followed by a layer of horizontal strips (with a length of 5.5 m).
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Figure 4.27.: Simulation of a physics event in the SiD detector [74]. The particle showers, which
start to develop in the ECAL, are easily distinguishable thanks to the highly granular
calorimeters.

The purpose of the muon system is not only to identify muons being produced in the beam collisions,
but also to record the tail of hadronic showers that have started in the HCAL.
Since the muon system is the outermost subdetector, it is exposed to a high background population
from the machine background particles that are studied in Chapters 6 and 8. In the simulation, a
readout cell size of 3 cm×3 cm is used.

Forward system The forward systems of SiD make the detector hermetic, i.e. the detector is a
closed system which can catch particles under almost all solid angles. The forward region covers a
polar angle θ > 3 mrad. Boosted particles with high momentum along the beam direction that go
under an angle θ < 3 mrad will therefore escape the detector. These losses are unavoidable since
detector components cannot be built inside the beam pipe and the detector is not designed for physics
that require measurements of these small-angle particles.
The forward system consists of the Luminosity Calorimeter (LumiCal) and the Beam Calorimeter
(BeamCal). Apart from making SiD hermetic, the LumiCal will measure the luminosity integrated
over time, whilst the BeamCal will give an indication of the instantaneous luminosity by measuring the
e+e− pair background from beam-beam interactions, which is explained in Section 2.3.1.1. Since the pair
background is directly dependent on the beam qualities (see Chapter 5), the BeamCal measurements will
indicate variations in the beam parameters. The LumiCal and the BeamCal are sampling calorimeters
using tungsten layers for the particle shower development and semiconductors for the sensitive layers.
For simulation studies, the readout cell sizes are set to be 3.5 mm×3.5 mm for both the LumiCal and
the BeamCal.

As the forward region is highly a�ected by high-energy particles that are typically boosted in
the forward direction, the sensors have to be speci�cally designed to withstand radiation damage.
The damage results from large energy depositions from the boosted particles as well as from di�erent
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backgrounds, such as the pair background. With this �ux of particles hitting the forward system, the
BeamCal is expected to have an occupancy of 100 %, i.e. all of the BeamCal pixels are expected to be
hit by particles. This large occupancy is accounted for in the readout technology [46, p. 133�].

Figure 4.28.: Layout drawing of the SiD forward detectors [46, p. 134]. All dimensions are given
in mm.

Pacman Part of the SiD detector, but not part of the sensitive subdetectors, is �Pacman�. Pacman is
a detector speci�c shielding against machine background that reaches the detector and would increase
the detector occupancy. All particles that are produced from the beam interacting with accelerator
machine parts, and that reach the detectors, are called machine background. The Pacman shielding is
placed on either side of the detector (see Figure 4.20), and has an outer radius of about 2.8 m, hence
it covers the full radius of all subdetectors inside the solenoid magnet. The inner layer of Pacman is
made of iron, the outer layer of boronated concrete which is specially designed to stop neutrons. The
thickness is about 3.4 m [73]. Its use can be seen in the simulation of the machine backgrounds in
Chapters 6.2 and 8.5.

4.4.1.2. SiD detector variants

Since the publication of the Technical Design Report about the design details of the ILC accelerator,
the detectors, and the facilities, there have been o�cial changes to the design. The changes regarding
the overall accelerator and facility design are suggested as Change Requests (CR), and are reviewed
and approved by a Technical Change and Management Board [80]. Some of the Change Requests a�ect
the detector designs directly, such as the change of L*, the distance between the interaction point (IP)
and the last quadrupole magnet (QD0) of the Final-Focus system. But there are also changes to the
detector concepts, which are made internally by the detector groups.
There are three major SiD detector design variants that are the subject of discussions, listed in the
following. Of these three variants, the impact of the change of L* and the anti-DiD �eld on the vertex
detector occupancy are the focus of Section 5.4.

� Change of L*
As the focal length of the last quadrupole magnet (QD0) of the Final-Focus system, which focuses
the beam onto the IP, is smaller than the detector length, both detector concepts have their own
QD0 magnet. These magnets are part of the detectors' push-pull system. The o�cial Change
Request CR-002 [81] decided on a common L* for both detector concepts. Before, the distance
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(a) Instrumented inner region (b) Wedge cutout (c) Circle cutout

Figure 4.29.: Three di�erent design variants of the inner region of the SiD BeamCal. From (a)
to (c), the instrumentation of the inner region decreases with an increasing fraction
of material cut out.

(L*) between the IP and QD0 was di�erent for SiD and ILD, as L* is dependent on the size of
the detector. Since the diverging L* values mean di�erent beam operation conditions, CR-002
dictated a change of the detector designs in such a way that L* is the same for both detectors,
in order to facilitate the beam operation.
For SiD, the dictated change of L* from 3.5 to 4.1 m implied in practice that the BeamCal had
to be repositioned, since it is attached to the QD0 support structure. The BeamCal moved from
a former distance to the IP of 2.95 to 3.265 m [20].

� Design variants of the inner region of the BeamCal
The BeamCal surrounds the ingoing and outgoing beam pipe. For the inner region around the
beam pipes, there are three di�erent design variants that include a di�erent amount of instrumen-
tation, as shown in Figure 4.29. By cutting out the area between the beam pipes, the sensitive
material is removed from the inner region with the highest density of background �ux. Doing so
will reduce the overall BeamCal radiation damage, but also lessens the potential for measuring
physics events in that region.
The default geometry is Figure 4.29 (a) with the instrumented inner region.

� Anti-DiD Field
The BeamCal is expected to have an occupancy of 100 % due to boosted particles as well as
background particles such as the e+e− pairs from beam-beam interactions, as explained before.
In order to suppress hits from these e+e− pairs, it was proposed to include an additional magnet in
the detector design, the so-called anti-DiD (Detector Integrated Dipole) magnet [82]. The dipole
windings of the anti-DiD are directly mounted around the SiD solenoid magnet. Its magnetic
�eld has a value of 60 mT, and causes locally the de�ection of the pair background in the region
of the BeamCal [46, p. 118]. The pairs are swept into the outgoing beam pipe, which reduces the
BeamCal occupancy.

4.4.1.3. Detector readout architecture

The readout architecture for the SiD detector foresees a bu�er depth of four in the current design. The
number of available bu�ers is an important issue for the performance of the detector, and is therefore
a topic of the SiD simulation studies with respect to the background occupancies. As explained in
Section 5.3.2 in more detail, the detector occupancy is the normalized number of cells with a certain
amount of hits per detector cell, which is calculated by counting the hits in the individual cells. If the
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number of hits per cell exceeds the number of available bu�ers (the bu�er depth), the cell cannot store
any further hits, and is then called �dead�.
Since the sensor technology is not yet decided on for the SiD subdetectors, the readout cells in the
simulation are determined through the pixelization of the hit positions. The cell sizes are therefore
based on realistic sensor pixel sizes, and are de�ned in the SiD simulation infrastructure.

The bu�er depth is in principle a free choice in the detector development phase. The more bu�ers
a sensor has, the more hits can be stored. This does however not come for free, since sensors with a
large number of bu�ers, or with dynamically allocatable bu�ers, have a higher power consumption. The
additional electric circuits that are required to meet the higher demand, and with it the supplementary
cooling, lead to a larger material budget, which is not desirable for the vertex detector, for example.
A solution for reducing the background occupancy in the SiD vertex detector without increasing the
number of sensor bu�ers is to increase the vertex detector barrel radius. As will be shown in Section 5.2,
the pair background has a characteristic density distribution, which extends towards the innermost
vertex detector layers. By increasing the vertex detector radius, the pair background occupancy can
automatically be reduced. However, as mentioned above, this will a�ect the vertex reconstruction
e�ciency negatively, which is critical for a successful ILC program.
A compromise has to be made between necessary bu�ers and a manageable material budget, and a
re�ned detector optimization is therefore crucial with respect to the occurring background rates.

Table 4.1 lists the ILC beam parameters in the di�erent ILC stages. The ILC will deliver beam
trains, which contain 1312 beam bunches in the �rst stage, at a rate of 5 Hz. Each of the bunches is
separated by 554 ns, resulting in a total train duration of 0.72 ms. The time gap of 199 ms between
successive trains is used for reading out the analog signals of the detector bu�ers, and for their digital
processing. The motivation of the ILC experiment is to record all measured events without rejecting
any of them by the use of triggers, as explained in Section 4.1.
Due to this, the detector background occupancy has to be below a critical acceptance limit. In SiD, a
guideline for an acceptable occupancy for background events is that the sum of all dead cells (with a
number of hits greater than or equal to the bu�er depth) should not exceed 0.01 % (10−4 of all cells):∑

celldead . 10−4
∑

cell (4.8)

For the optimization of the detector readout design and its bu�er depth, detailed occupancy studies
are therefore needed. In all of the background simulation studies presented in the following chapters,
the SiD occupancy has been evaluated with respect to the critical acceptance limit.

4.4.2. The International Large Detector

Like the SiD detector, the International Large Detector (ILD) is a multi-purpose particle detector that
is optimized for Particle Flow Algorithms (PFA) (see Section 4.4.1). Its vertex detector is also based
on silicon sensors, whereas the tracker is a combination of both, a silicon strip and pixel detector, and a
time projection chamber (TPC). Also similar to SiD, the calorimeters are within the solenoid magnet,
which is surrounded only by the muon system. The magnetic �eld of the superconducting solenoid
magnet is 3.5 T. Because of having a big gaseous volume, the full detector is bigger than SiD, namely
16 m in height and 14 m in length. Figure 4.30 shows all the subdetectors mentioned above in two
schematics of the ILD detector.
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Figure 4.30.: The ILD detector consists of the vertex detector (pink), the time projection cham-
ber (TPC) (yellow), the electromagnetic calorimeter (ECAL) (blue), the hadronic
calorimeter (HCAL) (green) and the muon system (gray). All subdetectors except
the muon system are inside the solenoid magnet [43, p. 34].
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5 Chapter 5.

e+e− pair background

At the International Linear Collider, the collisions of electron and positron beams are accompanied by
the production of background particles. Unlike at hadron colliders, the main background contribution
does not arise from QCD processes and underlying events, but rather from the interaction of the collid-
ing beam's electromagnetic �elds. The secondary e+e− pairs form a signi�cant background, the so-called
pair background, for the inner detectors, and therefore need to be studied in great detail with respect to
the detector arising occupancy.
This chapter discusses �rst the Monte Carlo event generator in Section 5.1, with which the pair back-
ground processes have been generated. Afterwards, the characteristics of these background particles are
explained in Section 5.2, followed by several sections on their dependency on ILC running schemes and
SiD detector variants. Thus, Section 5.3 presents the dependency on the ILC beam parameters, and
Section 5.6 the dependency on the ILC collision energy and the luminosity.
In all sections, the pair background dependencies are analyzed with respect to their impact on the SiD
detector performance. Even the detector design itself and its readout architecture have an e�ect on the
pair background occupancy, as shown in Sections 5.4 and 5.5.

The pair background is produced by high cross section processes that are caused by beam-beam interac-
tions. The production processes are described in Section 2.3.1. The secondary electrons and positrons
show a characteristic energy and density distribution, which extends to the inner barrel layers and the
forward detectors of SiD. Studies of the time distribution and of direct and indirect hits from the these
particles are presented, with a conclusion on the impact on the detector design. The arising detector
occupancy is, however, dependent on the ILC accelerator con�gurations and the detector geometry.
The results of the presented studies are essential for the design choices of the accelerator and the SiD
detector.

5.1. The Monte Carlo event generator GuineaPig

For studying the e�ects of the pair background, e+e− pairs from beam-beam interactions were gener-
ated with the Monte Carlo (MC) event generator GuineaPig [83] version 1.4.4. When providing the
accelerator beam parameters, the pair background events of one bunch crossing are simulated and the
four-vectors of the generated particles are stored in an ASCII output �le. The parameters used for
generating the pair background for this thesis are given in Appendix A.1.
Since the ASCII �les cannot directly serve as input to a full Geant4 [84, 85] detector simulation, a
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conversion tool was developed for the analysis studies presented in this thesis, and instructions on its
usage are available in [86]. The tool converts the ASCII output to one of the following �le formats,
common for ILC detector simulations: stdhep [87] or slcio [88]. These �le formats are directly ap-
plicable with the Geant4 based simulation tool SLIC [89], which simulates interactions of the input
particles with matter. The simulated geometry model is described in a human-readable format. The
�exible geometry description allows the simulation of particle interactions with individual detector ge-
ometries. To this end, the geometry description �le �sidloi3� of the SiD detector, which was used for the
simulation studies in this and in the following chapters, was developed for the SiD Detailed Baseline
Design [46, p. 51 �] and is based on the detector design described in Section 4.4.1 and in [46, p. 69
�]. The SiD geometry is visualized in an event display of the pair background for a center-of-mass
energy of 500 GeV in Figure 5.1. As will be discussed in the following sections, the simulation of the
pair background reveals that the pairs populate mainly the inner and the forward SiD subdetectors,
but also the calorimeter endcap layers around the beam pipe.

(a) Parallel view

(b) 3D view (c) 3D view of the vertex detector

Figure 5.1.: Event displays of the pair background in the SiD detector for the ILC stage at a center-
of-mass energy of 500GeV. The event displays were made with WIRED4 [90].
Figure (a) shows the whole SiD detector in a parallel view. Figures (b) and (c) show
a three-dimensional visualization.
Hits from the pair background particles can mainly be found in the inner and the
forward detectors, but also around the beam pipe in all layers of the calorimeter
endcaps.
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(a) Longitudinal momentum (b) Transverse momentum

Figure 5.2.: Comparison of the simulated pair background momentum distributions for the ILC at
250GeV and 250GeV center-of-mass energy, with the longitudinal momentum shown
in Figure (a) and the transverse momentum in Figure (b).

5.2. Characteristics of the fermion pair processes

By analyzing the generated pair background events, it becomes apparent that the e+e− pairs have
a low transverse momentum. Figure 5.2 shows the distribution of their longitudinal and transverse
momentum for the two ILC stages at 250 GeV and 500 GeV center-of-mass energy. The longitudinal
momentum of the e+e− pairs reaches roughly 80 % of the beam energy, whilst the transverse momentum
extends to only 0.8 GeV for the ILC250, and 1.6 GeV for the ILC500.

Due to their low transverse momentum, the pairs are de�ected on narrow helical tracks in the
magnetic �eld of the detector solenoid magnet. For the tracking of the helices, it was decided not to
use a Geant4 simulation, since it would deliver only the vertices and the endpoints of the particle
tracks. Additional points along the tracks can only be stored when adding active layers in the simulation
model. Instead, an algorithm was written that calculates the helix tracks of the pair particles using
their four-vectors, in order to get arbitrarily many points on their helix tracks. The track positions are
computed from the radius of the helix, its center position and its pitch. Figure 5.3 shows a schematic of
the projection of a helix onto the xy-plane. The orientation of the helix is determined by the particle's
charge. The following assumptions were made for the algorithm: The magnetic �eld in the proximity
of the IP is homogeneous, with a �eld strength of 5 T for the SiD solenoid. The particle momenta do
not change in the region of interest for this analysis, because of which the helix radius is constant. Any
particle interaction with other particles or with matter is not taken into account.

The pair tracks are then plotted using the helix track algorithm to calculate the position in x and
y for a given position in z. For the ILC stage at 500 GeV, the pair background track density is shown
in Figure 5.4. The density distribution of all the tracks shows a characteristic bell shape, with the
highest density along the z-axis. This is true, since the helix tracks originate at the IP, and their radii
are small in comparison to their pitches due to the particles' momentum distribution. The red solid
lines represent the outline of the beam pipe inside the SiD detector. Up to 6.2 cm from the IP in the
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Figure 5.3.: This schematic shows the projection of a helix track onto the xy-plane, with the vector
of the transverse momentum (PT) and the x- and y-momenta (Px and Py). Depending
on the particle's charge, the direction of the rotation is either clockwise or anticlock-
wise. The center, the radius, and the orientation of the projected circle is dependent
on the transverse momentum of the particle.

Figure 5.4.: Pair background density for one ILC bunch crossing of the ILC500. The �gure shows
the complete track density distribution of the pairs at a center-of-mass energy of
500GeV. The color scale shows the number of tracks per unit area. The red solid
lines represent the outline of the beam pipe.
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z-direction, where the beam pipe increases in width, the beam pipe radius is 12 mm. This is the point
of closest approach to the pair background envelope.
As the bell-shaped envelope is symmetric in the positive and negative z-directions, the view of the pair
background envelopes in the following �gures is chosen to be in the positive z-direction. In reality, the
density distributions are not fully symmetric with respect to the z-axis due to the crossing angle of
14 mrad of the ILC beams. This, however, cannot be implemented in GuineaPig. For the purpose of
visualizing the density distribution, the approximation without the crossing angle is su�cient. In the
following Geant4 simulation, however, the crossing angle is applied, so that the detector population
with the pair background particles is described correctly.

In order to compare the envelope shapes for di�erent ILC center-of-mass energies, Figures 5.5 (a) -
(c) show the density distributions at 250 GeV, 350 GeV, and 500 GeV respectively. For the generation
of the pair background, the beam parameters of the three di�erent baseline ILC stages were used, which
are given in [43, p. 11].
Figure 5.5 (d) shows the individual envelopes containing a certain fraction of all tracks. In this way,
it becomes apparent that for higher center-of-mass energies the width of the envelope increases due
to the higher transverse momenta of the pairs. For lower center-of-mass energies, the envelopes stay
well within the beam pipe radius. At 500 GeV, however, the envelope containing 99.99 % of all pair
helix tracks crosses the beam pipe, extending towards the innermost layer of the SiD vertex detector
barrel, which has a radius of 14 mm. The minimum transverse momentum for reaching the vertex
detector barrel is approximately 0.02 GeV. This value can be theoretically calculated by considering
the Lorentz force in homogeneous magnetic �elds. Charged particles are de�ected on circular paths,
when the Lorentz force and the centripetal force are in equilibrium:

q~v × ~B =
m~v2

~r

qvB · ~er =
mv2

r
· ~er

r =
p

q ·B

This can be expressed in terms of p [GeV], B [T], and r [m] by:

r[m] =
p[GeV]

0.3 ·B[T]

In order to verify the minimum transverse momentum, which is necessary for the pair particles to reach
the innermost vertex detector barrel layer (with a radius of 14 mm), the equation can be converted to:

⇒ p = 0.3 ·B · r
= 0.3 · 5 T · 0.014 m

= 0.021GeV

In the subsequent Geant4 simulation of the pairs hitting the SiD vertex detector this value was
con�rmed.
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(a) ILC250 (b) ILC350

(c) ILC500 (d) Pair background envelopes at di�erent center-of-
mass energies

Figure 5.5.: Comparison of the pair background density for one ILC bunch crossing at di�erent
center-of-mass energies. Figures (a), (b), and (c) show the complete track density dis-
tribution of the pairs at a center-of-mass energy of 250GeV, 350GeV, and 500GeV
respectively. The color scales show the number of tracks per unit area. The red solid
lines represent the outline of the beam pipe.
In Figure (d), the density envelopes of the three ILC stages are compared: at 250,
350, and 500GeV. For that purpose, not the complete density distribution is plotted,
but rather the envelopes containing either 99.9% or 99.99% of all tracks.
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Table 5.1.: Changes between the baseline and alternative beam parameter sets for the ILC stage
at 250GeV [91]. The highlighted parameter set (A) was chosen to be the new o�cial
scheme for the ILC250. A full set of the baseline beam parameters can be found in [43,
p. 11].

ILC250 sets εx (µm) β∗x (mm) β∗y (mm)
Baseline 10.0 13.0 0.41
(A) 5.0 13.0 0.41
(B) 5.0 9.19 0.41
(C) 5.0 9.19 0.58

5.3. Pair background dependency on ILC beam parameters

After having introduced the pair background characteristics, this section will analyze its dependency
on the choice of the ILC beam parameters. To this end, Section 5.3.1 presents the new proposed beam
parameter schemes for the ILC250 stage. The resulting occupancy in the SiD vertex detector and
further subdetectors is then discussed in Sections 5.3.2 and 5.3.3 respectively.

5.3.1. Pair background envelopes

As explained in Section 4.2.2, the �rst ILC stage will be at 250 GeV. Due to this decision in 2017, e�orts
have been made to study a possible change in the baseline beam parameters for this stage in order to
increase the luminosity to 1.62× 1034 cm−2 s−1 [91]. To this end, three alternative beam parameter sets
have been suggested, which vary from the original baseline parameters in the emittance and the beta
function values. The values which di�er are listed in Table 5.1. For all alternative sets, the horizontal
emittance εx is reduced. Additionally, the horizontal and vertical beta functions at the IP, β∗x and β∗y ,
are changed for sets (B) and (C). Since both the emittance and the beta function are dependencies of
the beam size, they enter indirectly the Equation 3.15 for the beam luminosity.
However, a reduced horizontal emittance implies also an increase in the beam-beam interactions and
in the pair background level. For the process of deciding the new o�cial beam parameter set, a study
of the impact of this increased pair background on the SiD vertex detector performance was therefore
a crucial step. In the following, the simulation studies of the pair background for the four parameter
schemes listed in Table 5.1 are presented.

The pair background density plots for the four schemes are shown in Figure 5.6. The width of the
envelopes for the new proposed parameter sets (A), (B), and (C) is signi�cantly increased compared to
the baseline set (TDR). For the direct comparison of the pair background density from di�erent ILC
running scenarios, Figure 5.7 shows a projection of the number of pair particles along the x-axis at
the z-position of the �rst beam pipe kink, where the beam pipe radius increases. It therefore holds
more information than the previous plots: the envelope width in x at the speci�ed z-position, and the
number of particles at any given x-value, for all beam parameter sets.
First of all, it becomes clear that the number of pair particles does indeed increase for the new beam
parameter sets due to the enhanced beam-beam interactions. Compared to the baseline set (the TDR
set), the number of particles in set (A) is increased by a factor of 2-3, and by a factor of 6-7 in sets
(B) and (C). Furthermore, the so-called pair edge is clearly visible as the rapid decrease in density at
around 9 mm from the center. Since the vertical solid lines in the Figure 5.7 represent the beam pipe,
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(a) ILC250 set (TDR) (b) ILC250 set (A)

(c) ILC250 set (B) (d) ILC250 set (C)

Figure 5.6.: Pair background density for the four ILC250 beam parameter sets listed in Table 5.1
per bunch crossing. The color scale shows the number of tracks per unit area. The
beam pipe is represented by the red solid lines.
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Figure 5.7.: Comparison of the pair background density projection for the four di�erent ILC250
beam parameter sets. The plot shows the projected number of pairs along the x-axis
for z = 62mm, which is the z-position of the �rst beam pipe kink. The vertical solid
lines represent the beam pipe radius at this z-position.

the pair edge is well contained within the beam pipe. Nevertheless, there are non-zero particle densities
observed outside the beam pipe, extending beyond the vertex detector layers. These densities, however,
are below 5 particles per r-bin (0.29 mm). With the track information across the �ve layers of the vertex
detector, the vertices of particles created in the bunch collision can be reconstructed. By populating
the innermost layers with background particles, the reconstruction e�ciency inevitably declines. The
occupancy from the pair background therefore has to be studied with respect to its impact on the
detector performance.

5.3.2. SiD vertex detector occupancy studies and buffer depth

For the occupancy studies, the GuineaPig four-vectors of the pair particles are input to a full SiD
simulation using SLIC, as explained in Section 5.1. The hits in the SiD subdetectors are stored
through active readout layers in the simulation model, which represent the detector sensor layers. The
detector sensor layers are segmented according to the readout cell sizes of the SiD subdetectors. For
the occupancy studies, the number of hits of every detector cell were counted and translated into an
occupancy. In the following occupancy plots, the number of cells receiving a certain number of hits
can be determined. Taking into account that a detector sensor can only store up to a speci�c number
of hits (the bu�er depth), the number of �dead� cells can then be calculated. A cell is de�ned to be
dead when the bu�er of its sensor is already completely �lled, and no further hits can be stored. This
is especially important as the detectors for the ILC will read out their bu�ers only after every bunch
train (1312 bunch crossings). In order to guarantee that cell bu�ers are not �lled only by background
hits, a balance has to be found between a su�cient bu�er depth and low background levels, depending
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on the design of the accelerator and the detectors. As explained in Section 4.4.1.3, the SiD guideline
for an acceptable occupancy for background events is that the sum of all cells with a number of hits
greater than or equal to the bu�er depth should not exceed 10−4 of all cells.

The occupancy for all vertex detector layers combined after a full bunch train is shown for the
barrel in Figure 5.8 (a) and for the endcaps in Figure 5.8 (b). For producing these plots, the number
of hits were counted for each cell, summed up over the full bunch train. A cell size of 20 µm×20 µm
has been assumed for these calculations. Plotting the number of cells with a certain amount of hits,
and normalizing these numbers by the total number of cells in all vertex detector layers, results in
Figure 5.8 (a) and (b). It can be directly seen which percentage of all cells get hit a certain number
of times. Comparing the results from the four di�erent ILC250 beam parameter sets for the vertex
detector barrel and endcaps, the occupancy of set (A) is raised by a factor of three with respect to the
baseline set (TDR). For set (B) and (C), the occupancy is increased by a factor of about six. In the
vertex detector endcaps, the occupancy is in general higher than in the barrel, leading to the fact that
cells are hit up to 50 times compared to 40 times for the barrel. The reason for this is that the pair
background envelopes widen towards the endcaps, as can be seen from the density plots in Figure 5.6.
As the readout design for the vertex detector is not yet decided, optimizations based on simulation
recommendations can still be made. In Figure 5.8 (c) and (d), the fraction of dead cells is therefore
plotted as a function of the assumed bu�er depth of the sensors. The bu�er depth states how many
hits a sensor can store, before the corresponding cell is blind to any further hits. As explained in
Section 4.4.1.3, a compromise has to be found between the number of necessary sensor bu�ers due to
background occupancies and meeting the SiD requirement regarding the material budget of the vertex
detector.
In the current detector design, the sensors have a bu�er depth of four. The fraction of the dead cells
is calculated from the occupancy plots in Figure 5.8 (a) and (b), and depends on the bu�er depth. For
a bu�er depth of four, Figure 5.8 (c) shows that for set (A) approximately 1.8× 10−5 of all cells in all
vertex detector barrel layers are dead, which is an increase with respect to the baseline set of a factor
of three. Nevertheless, 1.8× 10−5 is only about 18 % of the critical limit.
As mentioned above, the occupancy in the endcaps is higher, leading to a larger fraction of dead cells.
For the vertex detector endcaps, the fraction of dead cells for a bu�er depth of four exceed the critical
limit for sets (B) and (C) by a few percent (see Figure 5.8 (d)). The fraction for set (A) is still below
the critical limit with about 5× 10−5.

However, combining the hits of all �ve vertex detector layers does not provide a meaningful pic-
ture of the occupancy in the individual layers. Figure 5.9 shows a comparison of the di�erent vertex
detector barrel layers for the ILC250 parameter set (A). The innermost layer (layer 0) is expected to
su�er from a larger pair background occupancy than the other layers. This expectation is con�rmed,
since the fraction of dead cells in layer 0 is 1.1× 10−4 and just about exceeds the critical acceptance
limit. The occupancy in layer 0 is therefore larger by a factor of about four compared to layer 1 for a
bu�er depth of four. For the same bu�er depth value, the fraction in the outer layers gradually drops
to about 4.7× 10−6.
Comparing exclusively the innermost layer in the di�erent ILC250 sets, Figure 5.10 shows the normal-
ized occupancy and the fraction of dead cells, for the vertex detector barrel and the endcaps separately.
In Figure 5.10 (a), the normalized occupancy in all sets is indeed larger by almost one order of magni-
tude compared to the occupancy for all layers combined, shown in Figure 5.8 (a). The fraction of dead
cells for a bu�er depth of four in Figure 5.10 (c) is exceeding the critical limit of 10−4 of all cells in all
new parameter schemes. For set (A), the fraction of dead cells for this bu�er depth is about 1.1× 10−4.
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(a) SiD vertex detector barrel,
normalized occupancy

(b) SiD vertex detector endcap,
normalized occupancy

(c) SiD vertex detector barrel,
fraction of dead cells

(d) SiD vertex detector endcap,
fraction of dead cells

Figure 5.8.: ILC250 pair background occupancy in the SiD vertex detector for all layers

combined, after a full bunch train (1312 bunch crossings). Figure (a) shows the
occupancy in the vertex detector barrel, normalized by the total number of cells of
all vertex detector barrel layers. Figure (c) shows the fraction of the dead cells in
the vertex detector barrel with respect to the total number of cells. Figures (b) and
(d) show the equivalent plots for the vertex detector endcaps. In all �gures, the four
di�erent beam parameter sets for the ILC250 are compared. The dashed lines in (c)
and (d) indicate the the bu�er depth of four for the current sensor design, and the
guideline of 10−4 for a critical acceptance limit.
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Figure 5.9.: ILC250 pair background occupancy in the individual SiD vertex detector barrel

layers, after a full bunch train (1312 bunch crossings). Figure (a) shows the occu-
pancy in the individual vertex detector barrel layers, normalized by the total number
of cells of the layers. Figure (b) shows the fraction of the dead cells in the vertex
detector barrel layers with respect to the total number of cells of the layers. In all
�gures, the four di�erent beam parameter sets for the ILC250 are compared. The
dashed lines in (b) indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.

Table 5.2.: Results of the pair background occupancy study for the di�erent beam parameter sets of
the ILC stage at 250 GeV center-of-mass energy. For a bu�er depth of four, the frac-
tions of dead cells caused by the pair background occupancy are listed for the individual
layers of the vertex detector barrel and endcaps.

Layer
Baseline set
(TDR)

Set (A) Set (B) Set (C)

0 4.659× 10−5 1.110× 10−4 2.110× 10−4 1.875× 10−4

1 9.847× 10−6 2.980× 10−5 5.732× 10−5 5.213× 10−5

2 3.902× 10−6 1.347× 10−5 2.988× 10−5 2.707× 10−5

3 2.410× 10−6 6.116× 10−6 1.299× 10−5 1.271× 10−5

Si
D
ve
rt
ex

ba
rr
el

4 1.482× 10−6 4.690× 10−6 1.116× 10−5 9.423× 10−6

0 1.807× 10−5 5.652× 10−5 1.200× 10−4 1.123× 10−4

1 1.895× 10−5 6.133× 10−5 1.269× 10−4 1.194× 10−4

2 1.906× 10−5 5.882× 10−5 1.414× 10−4 1.219× 10−4

Si
D
ve
rt
ex

en
dc
ap

3 2.126× 10−5 6.239× 10−5 1.348× 10−4 1.321× 10−4
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For sets (B) and (C), the fraction reaches about 2.1× 10−4 and 1.9× 10−4 of all cells respectively in
this innermost layer.
For the endcaps, the plots for the innermost layer only do not show a signi�cant di�erence to the plots
for all layers combined. In contrast to the vertex barrel layers, the endcap layers are perpendicular to
the incoming pair background particles, and are hit in approximately equal amounts. Plotting the com-
bined occupancy for all endcap layers is in this case therefore a realistic representation of the individual
layers. For a bu�er depth of four, only sets (B) and (C) exceed the critical limit.

In addition to the presented results in this section, the results for the individual layers of all
ILC250 sets are presented in Figures A.1 (for the vertex detector barrel) and A.2 (for the vertex
detector endcaps) in the Appendix, as well as in Table 5.2.

5.3.3. Pair background occupancy in further SiD subdetectors

With its �ve layers, it is crucial for the vertex detector that the pair background does not populate any
of its layers in such a way that its performance regarding the vertex reconstruction is compromised.
But also in the other SiD subdetectors that are hit by the e+e− pairs, the occupancy should not exceed
the critical acceptance limit of 10−4 for a given bu�er depth.

The fraction of dead cells as a function of the assumed bu�er depth is plotted for the SiD tracker
as well as the ECAL and HCAL endcaps in Figure 5.11. For both the tracker barrel and endcaps
(Figure 5.11 (a) and (b)), the fraction of dead cells stays for all ILC250 parameter sets well below 10−4

of all cells for a bu�er depth of four.
In the ECAL endcaps, the overall occupancy is so low that only up to four hits per cell are observed.
The analysis code therefore calculates the fraction of dead cells only up to a bu�er depth of four, as can
be seen in Figure 5.11 (c). Nevertheless, for the current bu�er depth of four, sets (B) and (C) reach
beyond the critical limit. In set (A), however, the fraction of dead cell reaches 5× 10−6 only .
Similarly in the HCAL endcaps (Figure 5.11 (d)), the fraction of dead cells is calculated for an assumed
bu�er depth of up to three only. Since there will be at least four bu�ers for the subdetector sensors,
the pair background particles do not a�ect the calorimeter endcap performance.
The results for further subdetectors can be found in Figure A.3 in the Appendix.

5.3.4. Impact of the pair background studies on ILC design choices

As shown in Sections 5.3.1 and 5.3.2, the increase in the beam-beam interaction due to the reduction
of the beam emittance for the newly proposed ILC250 beam parameter schemes does lead to a rise in
the SiD vertex detector occupancy. This includes that the proposed beam parameter sets (B) and (C)
for the ILC250 stage exceed the critical acceptance limit of 10−4 in the inner subdetectors for bu�er
depth of four. In the innermost layer of the vertex detector barrel speci�cally, these sets exceed the
limit for all assumed bu�er depths up to eight.
However, except for the innermost vertex detector barrel layer, the occupancy for parameter set (A) is
below the limit of 10−4 in all other layers of the vertex detector barrel and endcaps for every feasible
bu�er depth of the detector sensor design. In further SiD subdetectors that are populated by the pair
background, the fraction of dead cells for a bu�er depth of four does not reach the acceptance limit,
which was shown in Section 5.3.3.

The presented results of the SiD occupancy studies for the di�erent beam parameter sets of the
ILC250 stage were factored into the ILC Change Request (CR) process for CR-0016 [65]. The Technical
Change and Management Board in the end decided on set (A) for the new o�cial ILC beam parameter
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(a) SiD vertex detector barrel,
normalized occupancy

(b) SiD vertex detector endcap,
normalized occupancy

(c) SiD vertex detector barrel,
fraction of dead cells

(d) SiD vertex detector endcap,
fraction of dead cells

Figure 5.10.: ILC250 pair background occupancy in the innermost SiD vertex detector layer,
after a full bunch train (1312 bunch crossings). Figure (a) shows the occupancy in
the innermost vertex detector barrel layer, normalized by the total number of cells
of this layer. Figure (c) shows the fraction of the dead cells in the innermost vertex
detector barrel layer with respect to the total number of cells of this layer. Figures
(b) and (d) show the equivalent plots for the vertex detector endcaps. In all �gures,
the four di�erent beam parameter sets for the ILC250 are compared. The dashed
lines in (c) and (d) indicate the the bu�er depth of four for the current sensor
design, and the guideline of 10−4 for a critical acceptance limit.
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5.3. Pair background dependency on ILC beam parameters

(a) SiD tracker barrel (b) SiD tracker endcap

(c) SiD ECAL endcap (d) SiD HCAL endcap

Figure 5.11.: ILC250 pair background occupancy in various inner SiD subdetectors after a full
bunch train (1312 bunch crossings). The �gures show the fraction of the dead cells
in the individual subdetectors for all layers combined, with respect to the total number
of cells in this subdetector.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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set for a center-of-mass energy of 250 GeV, and hence approved the CR-0016 [92]. The results of further
studies regarding the ILC250 stage are henceforth produced with this new o�cial beam parameter set
(A).

5.4. Dependency of the pair background occupancy on detector
design choices

Figure 5.12 shows the result from another ILC250 occupancy study, using the ILC250 parameter scheme
(A). After having studied the impact of the beam parameters, the e�ect of di�erent SiD variants on the
vertex detector occupancy was also examined. The four geometry variants, which are compared in this
plot, are combinations of the old or new L* value, with and without the SiD anti-DiD �eld. The L*
value describes the distance between the IP and QD0 (the last magnet of the Final-Focus beam line),
which is integrated in the detector and connected to the BeamCal. The anti-DiD, which is an additional
detector-speci�c magnet, is designed to de�ect pair background particles in the forward regions such
that they are swept into the outgoing beam pipe. More information about these detector variants is
given in Section 4.4.1.2.

(a) SiD vertex detector barrel (b) SiD vertex detector endcap

Figure 5.12.: Pair background occupancy for the ILC250 parameter set (A) in all SiD vertex

detector layers combined after a full bunch train (1312 bunch crossings). Figures
(a) and (b) show the fraction of dead cells with respect to the total number of cells
of all vertex detector layers combined, for the barrel and the endcap respectively.
Di�erent SiD geometry variants are compared regarding their e�ect on the pair
background occupancy.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.

In Figure 5.12 it is shown that the variations on the SiD geometry do not have a signi�cant impact on
the vertex barrel and endcap occupancy. Nevertheless, the SiD design including the old L* value and
the anti-DiD �eld leads to the lowest occupancy. The occupancy of the current design (with the new L*
value and the anti-DiD �eld) is only marginally higher. Since the geometry of the vertex detector and
all other subdetectors is unaltered in the studied SiD variants, the di�erence in the pair background
occupancy must be caused by the impact of the L* and the anti-DiD �eld themselves. The change
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in the L* value implies a change in the position of the BeamCal subdetector. The anti-DiD �eld is
designed to guide the pair background particles through the outgoing beam pipe, so that the number
of pair background hits in the BeamCal is reduced. The di�erences in Figure 5.12 are an indication
that the SiD BeamCal a�ects the vertex detector occupancy from pair background particles. For the
clari�cation of the impact on the pair background occupancy, the following section looks at the hit
distribution in the SiD detector.

5.5. Hit maps of the SiD subdetectors

As shown in the sections above, the e+e− pair background arises from beam-beam interactions at the
IP. Being boosted in the beam direction, and swept into the outgoing beam pipe by the anti-DiD,
the hits in the SiD detector are mainly restricted to the inner subdetectors. However, as indicated by
Figure 5.12, the SiD geometry variants have an impact on the vertex detector occupancy from the e+e−

pairs.

Figure 5.13 shows maps of the pair background vertices in the SiD detector. A cut was applied
to only show the vertices of the pairs that will hit the vertex detector in the given time intervals: up
to 10 ns (Figure 5.13 (a)), and between 20 ns and 30 ns after the bunch crossing (Figure 5.13 (b)). In
this way, it becomes clear whether the background particles originate at the IP only, or whether they
also backscatter from other subdetectors. In the �rst 10 ns, the majority of particles that hit the vertex
detector comes from the IP. Also a few backscatter particles are visible, originating from the innermost
detector layers and the central subdetectors. A few nanoseconds later, however, between 20 ns and
30 ns, particles, which were backscattered from the BeamCal positioned about 3.2 m from the IP, hit
the vertex detector. These pair background particles travel from the IP towards the BeamCal, where
they hit the material and backscattered back towards the vertex detector.
Figures 5.13 (c) and (d) show the equivalent maps but for the SiD geometry variant with the old L*
value. In the �rst time interval up to 10 ns, the di�erence between Figures 5.13 (a) and (c) is negligible.
The e�ect of the L* values, however, becomes apparent in Figure (d), since the position of the BeamCal
is directly dependent on L*. The vertex positions in the BeamCal are now at around 2.8 m from the
IP. The number of particles hitting the vertex detector (shown as the entries of the plots) is reduced
by about 40 %. This di�erence in the vertex detector occupancy between the old and new L* (both
including the anti-DiD �eld) is also evident in Figure 5.12.

The distance from the IP to the BeamCal and back, which the particles have traveled, takes of
the order of several tens of nanoseconds. This time gap is visible in Figure 5.14, which shows the radial
position of the hits in the vertex detector barrel and endcaps as a function of the hit time. First, the
vertex detector is hit by e+e− pairs arriving directly from the IP. Before pairs have traveled towards
the BeamCal and have backscattered, the vertex detector does not accumulate any further hits. From
around 20 ns on, particles arrive again at the vertex detector.
This hit time distribution o�ers the possibility of reducing the background occupancy through time
gates. By applying a trigger such that those particles are dismissed, which are hitting the vertex
detector between 10 ns and 50 ns after the bunch crossing for example, the number of pair background
hits can be reduced by about 12 % [20, p. 27].
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new L*

(a) New L*, hit time: 0 ns - 10 ns (b) New L*, hit time: 20 ns - 30 ns

old L*

(c) Old L*, hit time: 0 ns - 10 ns (d) Old L*, hit time: 20 ns - 30 ns

Figure 5.13.: Maps of the pair background particle vertices in the SiD detector after one bunch
crossings. Only those vertices are shown, which originate from pair background
particles hitting the SiD vertex detector in the given time intervals. In order to
increase the statistics, the results are accumulated for 1312 bunch crossings.
Figure (a) shows the vertices of those pairs, which hit the vertex detector up to 10 ns
after the bunch crossing. Similarly, Figure (b) shows the vertices of pairs hitting
the vertex detector between 20 ns and 30 ns after the bunch crossing.
Figures (c) and (d) show the equivalent plots created for the SiD detector with the
old L* value.
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(a) SiD vertex detector barrel (b) SiD vertex detector endcap

Figure 5.14.: Map of the pair background particle hits in the SiD vertex detector as a function of
the hit time after one bunch crossings. Figures (a) and (b) show the radial position
of hits in the vertex detector barrel and endcaps respectively.

5.6. Comparing the pair background occupancy of different ILC stages

As it has been clari�ed in the previous sections, the pair background envelopes and the arising vertex
detector occupancy are dependent on several factors: the ILC beam parameters, the center-of-mass
energy, and the SiD geometry regarding the BeamCal and the anti-DiD �eld.
However, due to the interplay of several of these factors, the dependencies are also not obvious in certain
cases, as can be seen in Figure 5.15. The plots compare the SiD vertex detector occupancies from the
pair background arising at a center-of-mass energy of 250 GeV and 500 GeV. With the new ILC250
beam parameter set, the resulting occupancies at both center-of-mass energies are very similar, with
the occupancy at the ILC500 being higher by a few percent. For a bu�er depth of four, the occupancy
for both stages exceeds the acceptance limit of 10−4. By increasing the bu�er depth by one, both
occupancies are already on an acceptable level, below the critical limit.
Overall, the reduction in the beam emittance for the ILC250 stage increases the beam-beam interac-
tions such that the di�erences between the center-of-mass energies (and therefore the pair background
momenta distributions) are nearly compensated. This leads to the positive implication for the SiD
detector, that the vertex detector readout architecture can be designed to be suitable for both ILC
stages with respect to the pair background.

Finally, another dependency factor has not been discussed yet, namely the dependency on the
number of beam bunches per train. The ILC stages in all studies presented so far have 1312 bunches
per train. The �Lumi Up� stage, which is listed in Table 4.1, is an ILC stage with a center-of-mass
energy of 500 GeV and an upgraded luminosity. The luminosity of this stage is doubled with respect
to the ILC500 stage by approximately doubling the number of bunches per train to 2625. Figure 5.16
shows the resulting pair background occupancy in the innermost layer of the vertex detector barrel and
endcaps. The fraction of dead cells for a given bu�er depth is doubled in both subdetectors for the
�Lumi Up� stage, clearly exceeding the critical acceptance limit of 10−4 when assuming a bu�er depth
of four. By increasing the number of bu�ers to eight, the occupancy for the �LumiUp� stage would fall
below this limit.
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(a) SiD vertex detector barrel (b) SiD vertex detector endcap

Figure 5.15.: Pair background occupancy for the ILC500 in comparison to the ILC250, for the
innermost SiD vertex detector layer, after a full bunch train (1312 bunch
crossings). In both �gures, the fraction of dead cells is shown with respect to the total
number of cells of the innermost vertex detector layer. Figure (a) shows the results
for the vertex detector barrel, Figure (b) shows for the vertex detector endcaps.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.

(a) SiD vertex detector barrel (b) SiD vertex detector endcap

Figure 5.16.: Pair background occupancy for the ILC500 in comparison to the ILC500 luminosity
upgrade stage, for the innermost SiD vertex detector layer, after a full bunch
train of 1312/2625 bunch crossings. In both �gures, the fraction of dead cells is
shown with respect to the total number of cells of the innermost vertex detector
layer. Figure (a) shows the results for the vertex detector barrel, Figure (b) for the
vertex detector endcaps.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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5.7. Conclusion

Table 5.3.: Results of the pair background occupancy study for the di�erent ILC stages: ILC250,
ILC500, and ILC500 �LumiUp�. For a bu�er depth of four, the fractions of dead cells
caused by the pair background occupancy are listed for the innermost layer of the vertex
detector barrel.

Time gate ILC250 ILC500
ILC500

�LumiUp�
without 1.110× 10−4 1.290× 10−4 2.402× 10−4

0 - 10 ns 8.228× 10−5 8.167× 10−5 1.516× 10−4

The number of beam bunches therefore also has a direct impact on the pair background and the SiD
occupancy. In order to stay below the critical occupancy limit, the ILC upgrade to the ILC500 �Lumi
Up� stage seems to be a suitable time for an upgrade of the SiD vertex detector as well.

Time gate After applying a cut on the hit time of the pair background particles in the vertex detector,
as suggested by Section 5.5, the occupancy in the di�erent ILC stages was recalculated. The cut was
applied such that all hits later than the �rst 10 ns after the bunch crossing were rejected. The resulting
occupancy in the vertex detector barrel and endcaps is shown in Figure 5.17. In the Figures 5.17 (a) -
(c), the individual ILC stages are compared with and without the time gate. Figures 5.17 (d) and (e)
then show a combined comparison of the three stages, before and after applying the time gate.
In all stages, the fraction of dead cells in the most exposed subdetector layer (the innermost vertex
detector barrel layer) is reduced by about 25 to 36 % when using the time gate. Table 5.3 lists the
fraction of dead cells for a bu�er depth of four for the various ILC stages with and without the time
gate. For both the ILC250 and ILC500 stage, the occupancy is now below the critical acceptance limit
of 10−4. Even for the �LumiUp� stage, the fraction of dead cells is closer to the critical limit.

5.7. Conclusion

The pair background arises from the interaction between the electromagnetic �elds of the colliding beam
bunches. These interactions are dependent on the ILC beam parameters, which therefore a�ect the pair
background characteristics. This chapter has also shown that the pairs, which originate from the IP as
well as backscatter from the BeamCal, populate the inner SiD subdetectors. Especially in the vertex
detector, it is crucial to investigate the impact of the beam parameters in great detail. As the width of
the pair background envelopes varies and the tracks of the pairs reaches towards the innermost vertex
detector layers, the occupancy is directly a�ected by the change in the beam parameters, as explained
in Section 5.3.1. The presented studies have shown that the occupancy from the pair background does
not only depend on the beam parameters, but also on the center-of-mass energy and the number of
beam bunches per train (Section 5.6), as well as on the SiD detector geometry (Section 5.4). These
�ndings are a valuable input to design decisions regarding the ILC accelerator and the SiD detector,
and were already consulted for the Change Request decision of the new beam parameters for the ILC
stage at a center-of-mass energy of 250 GeV.

In Section 5.6, it was shown that with a bu�er depth of four in the current SiD detector readout
design, the detector occupancies for the ILC500 and the new parameter set of the ILC250 are compara-
ble. For the ILC500 �LumiUp�, however, the occupancy is increased signi�cantly, because of which the
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(a) ILC250 (b) ILC500

(c) ILC500 �LumiUp�

(d) Comparison of the ILC250, ILC500, and ILC500
�LumiUp�

(e) Comparison of the ILC250, ILC500, and ILC500
�LumiUp�, with time gates

Figure 5.17.: Pair background occupancy for the ILC250, ILC500, and the ILC500 �LumiUp�
stage, for the innermost SiD vertex detector barrel layer, before and after
having applied a time gate. In all �gures, the fraction of dead cells is shown with
respect to the total number of cells of the innermost vertex detector layer.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.

78



5.7. Conclusion

number of bu�ers has to be raised to eight in order to yield similar detector performances. According
to these results, the SiD vertex detector has to be upgraded as well, when the ILC is upgraded to the
�LumiUp� stage.

However, the pair background timing study (in Section 5.5) has indicated that time gates can
reduce the number of hits in the vertex detector by about 12 %. This has the e�ect that the pair
background occupancy in the vertex detector is reduced by about 25 % to 36 %, as then shown in
Section 5.6. For both the ILC250 and the ILC500 stage, that leads to the e�ect that the occupancy
of the SiD vertex detector barrel is reduced to below the critical occupancy limit for a bu�er depth of
four. Also for the ILC500 �LumiUp� stage, the fraction of dead cells for a bu�er depth of four is still
above the critical limit, but could be reduced signi�cantly by applying the time gate. Already a bu�er
depth of six would bring the occupancy below the limit.

Overall, it has been demonstrated that the pair background occupancy in the SiD detector is
dependent on the ILC running scheme as well as on the SiD detector geometry. By changing the SiD
readout architecture design such that six bu�ers are used instead of four, and that a time gate is applied
that rejects hits after 10 ns, the detector performance in all subdetectors will be comparable throughout
all studied ILC stages. An upgrade of the vertex detector for the ILC500 �LumiUp� stage would not
be necessary with respect to the pair background occupancy.
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6 Chapter 6.

Muon background from the Beam Delivery
System

Particles produced in beam interactions with the accelerator components present another source of back-
ground for particle detectors. With thorough simulations, the characteristics of the machine background
can be understood, and its e�ect on the detector performances evaluated.
In the �rst part of this chapter, the arising detector background from muons that are created in the Beam
Delivery System of the International Linear Collider is explained. In the second part, di�erent shielding
options are discussed with respect to their e�ectiveness to prevent the muons from reaching the detector
experiments. The simulation of the muon production was done with MUCARLO (Section 6.1), before
the occupancy in SiD was investigated in a full detector simulation presented in Section 6.2.

After the beam acceleration in the main linacs of the ILC, the Beam Delivery System (BDS) is the
part of the accelerator that prepares the beams for collision. As described in Section 4.2.1, it contains
numerous subsystems and components for beam collimation and focusing. Depending on the aperture
of the collimators, some fraction of the beam halo hits the collimator material, which has the desired
e�ect of collimating the beam, but also the undesired e�ect of producing background particles.
For de�ning the beam halo, which surrounds the beam core, the beam core itself has to be de�ned �rst
in terms of σx and σy, which are the RMS beam size values at the beginning of the �rst collimator
location in the BDS: σx = 146 µm and σy = 9 µm [93]. In this study, the core is de�ned as an ellipse
with a horizontal size of ±5σx and a vertical size of ±36σy at the beginning of the BDS. The beam halo
is the elliptical ring around the beam core, covering 5-13σx and 36-93σy. The beam particle intensity in
the core follows a 1

r distribution, and the beam power of the halo is normalized to 0.1 % of the nominal
beam power [94].
From interactions between the beam halo and the material of the collimators along the beam line,
muons are produced predominantly via the Bethe-Heitler process (see Figure 6.1 (a)). Beamstrahlung
photons interact with the nuclei of the machine component material, and pair-produce muons. A pro-
duction contribution on a few percent level comes additionally from direct annihilation of positrons
with atomic electrons [95]. Due to this, there are more muons created in the positron beam line than
the electron beam line. The number of created muons is listed in Table 6.1. The Feynman diagram for
the annihilation process is shown in Figure 6.1 (b). The muons are boosted in the beam direction, and
are traveling towards the interaction region.
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6. Muon background from the Beam Delivery System

(a) Bethe-Heitler

(b) Direct annihilation

Figure 6.1.: Feynman diagrams of the
muon pair production via
the Bethe-Heitler process
and the direct annihilation
with atomic electrons.

To prevent the muons from reaching the detectors, two dif-
ferent shielding systems are studied with respect to their
e�ectiveness and feasibility to be integrated in the BDS.
Both systems are based on two ideas: to de�ect the muons
such that they do not reach the interaction region, and also
to stop the muons in the shielding material. The shielding
scenarios that are under discussion foresee a combination of
the two systems:

� �5 spoilers�:
In the �rst scenario, �ve cylindrical spoilers out of
magnetized iron are installed at di�erent locations
along the BDS: 1358.5 m, 1234.5 m, 1145.5 m, 975.5 m,
and 802.5 m from the interaction point (IP), where
these locations indicate the midpoint of the spoiler.
The spoilers have a radius of 70 cm, and a length of
about 5 m. Their magnetic �eld ranges from about
1.9 T in the center of the spoiler to about 1 T at the
outer edge [96, 93]. An illustration of one of these
spoilers is given in Figure 6.2 (a). As indicated by the
muon tracks through the spoiler, the magnetic �eld of
the cylindrical spoilers is such that either positively or
negatively charged muons are de�ected away from the
beam path into the tunnel walls.

� �5 spoiler + wall�:
In the second scenario, the same �ve spoilers are lo-
cated at the same positions as before. But an addi-
tional magnetized shielding wall is placed about 400 m
from the interaction point.
The wall is about 5 m wide and long, and �lls out the complete tunnel height. Its magnetic �eld
strength is about 1.6 T [96, 93]. Figure 6.2 (b) shows an illustration of the wall inside the BDS
tunnel.

The motivation for the study presented in this section is to investigate the e�ect of the muons on
the SiD detector. The overall goal is to give a recommendation, based on the study of the detector
performance, on the necessity of the magnetized wall in order to keep the detector occupancy below
the critical limit of 10−4 (as discussed in previous chapters). Arguments against the wall were brought
forward regarding costs and safety issues due to its size in the BDS tunnel.

6.1. MUCARLO

The interactions between the ILC beam and the machine components in the BDS were simulated
with a Monte Carlo tool called MUCARLO [95, 97, 98]. Since the presented study is done for two
di�erent ILC stages, at 250 GeV and at 500 GeV, the beam parameters of the respective stage were
used accordingly. The geometry lattice of the ILC Beam Delivery System serves as the input geometry
to the MUCARLO code, through which the muons are tracked. Figure 6.3 shows the muon tracks
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6.1. MUCARLO

(a) Cylindrical spoiler (b) Magnetized wall

Figure 6.2.: Schematic drawings of the magnetized spoiler (a) and the magnetized shielding wall
(b) [96, cf. p. 2]. The magnetized wall is illustrated inside the accelerator tunnel.

in the electron-line of the BDS. The muons are created at certain locations along the beam line, are
de�ected by the magnetic �eld of beam line components, and lose kinetic energy through scattering in
the material of the components the muons hit. In the end, only those muons that reach the IP (at z
= 0 m) are stored. Accordingly, Figure 6.3 only shows those muons. In this plot, there is only one red
muon track line, which belongs to a negatively charged muon. The spoiler polarities are set to defocus
muons with the same charge as the beam charge. Therefore, mainly positively charged muons from the
electron beam line will reach the IP. For the positron beam line, the muons reaching the IP are mainly
negatively charged.

The main sources of muons were identi�ed in the BDS to be 11 distinct collimators. The following
list names these collimators and their position from the IP [93]:

� Primary collimator spoilers (radiation length: 0.6 X0, half-gap
1: 930 µm in x, 400 µm in y):

SP2 (1508 m), SP4 (1332 m)

� Protection collimators (radiation length: 30 X0, inner radius: 0.7 cm):
PC1 (1452 m), PC2 (1387 m), PC5 (1276 m), PC5A (1242 m), PC6 (1208 m), PC7 (1047 m)

� Absorbers (radiation length: 30 X0, half-gap: 0.7 cm):
AB3 (1420 m), AB5 (1237 m), ABE (852 m)

The protection collimators and absorbers serve the purpose of protecting the magnets of the BDS
from particle showers (arising from the beam halo collimation) and from mis-steered primary beams.
The number of muons created is proportional to the fraction of the collimator surface that is hit with
respect to the beam size, which was determined with the help of the Monte Carlo ray-tracing computer
program TURTLE [99]. The general design of these collimators can be found in [100].

Adding up all muons from the di�erent sources on the electron and the positron beam line side,
the total number of muons can be calculated that would reach a detector with a radius of 6.5 m at the
interaction region. Table 6.1 lists the muon rates per bunch crossing for a center-of-mass energy of 250
and 500 GeV, and for the two di�erent shielding scenarios. At 500 GeV, about 130 muons per bunch
crossing would reach the detector in the case that no shielding was installed. This number is reduced
to about 4 muons with the �ve cylindrical spoilers, and to below 1 muon per bunch crossing with an

1
The term �half-gap� is commonly used for collimator systems. It describes the gap between one of the collimator jaws
and an arbitrarily chosen plane (usually the beam center plane). Both of the jaws have the same distance from this
plane.
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6. Muon background from the Beam Delivery System

Figure 6.3.: Visualization of the muon tracks in the ILC Beam Delivery System (BDS) in the
electron beam line [93]. The picture shows the xz-plane of the BDS tunnel with the
beam line components (spoilers and collimators), which serve as muon sources. In
this particular example, the muons origin from the electron beam hitting the primary
collimator spoiler SP4. The locations of the muon shielding components (the mag-
netized spoilers and wall) are also indicated. The green/red thin lines represent the
tracks of the muons.
The general layout of the tunnel model is the same for the electron and the positron
beam line, but mirrored at the z = 0 plane.

Table 6.1.: Muon rates per bunch crossing for the two shielding scenarios, gained from MU-

CARLO simulations [93].

Scenario Muons per bunch crossing in a detector with 6.5m

radius

ILC500 ILC250
positron
line

electron
line

total
positron
line

electron
line

total

No Spoilers 71.6 58.5 130.1 21,1 17,2 38.3
5 spoilers 2.3 2 4.3 0.73 0.57 1.3
5 spoilers + wall 0.34 0.26 0.6 0.016 0.014 0.03

additional magnetized wall. For a lower beam energy of 125 GeV (250 GeV center-of-mass energy),
the number of muons that are produced is lower, because of which only around 38 muons reach the
detector without shielding. With the two di�erent shielding scenarios, the muon rate is again reduced
signi�cantly to a minimum of about 0.03 per bunch crossing.
The output of MUCARLO is a text �le containing the four-vectors of the muons 10 m from the IP.
These four-vectors can therefore be used as input to a full detector simulation.
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6.2. E�ect of muons on the SiD performance

An additional study was done using a Geant4 simulation of the BDS tunnel in order to cross check
theMUCARLO results and to thereby verify theMUCARLO simulation. The outcome of that study
was that both simulations are in good agreement [94].

6.2. Effect of muons on the SiD performance

Since the SiD detector only reads out the hits after every bunch train (1312 bunch crossings), the
detector occupancy for the muons has to be studied for a muon rate per train. As in the previous
chapter, the full detector simulation was done using SLIC. The geometry input �le that was used
contained the most recent �sidloi3� geometry of the SiD detector, including the new L* position, the
anti-DiD �eld, and the Pacman geometry. For details on these detector characteristics, please refer to
Section 4.4.1. After a �le-format conversion, the MUCARLO output �les containing the four-vectors
of the muons for the di�erent shielding scenarios and center-of-mass energies served as the particle
source input to SLIC.

6.2.1. Muon hit distribution

For visualizing the hit distribution in the SiD detector, event displays (see Figure 6.4) were made using
WIRED4 [90]. Apart from the overall number of hits in the di�erent event displays, the spatial distribu-
tion of the hits is striking. Concentrating on Figure 6.4 (a) �rst, the muons leave clear horizontal tracks
throughout the whole detector. After leaving the BDS tunnel, the muons (which are boosted in the
forward direction) enter SiD through the outermost subdetector, and penetrate the full detector. Since
the muons are coming from both the electron and the positron beam line, this happens simultaneously
from both sides.
The di�erence in the spatial distribution in the xy-plane between Figure 6.4 (b) and (c) is explained
by the geometry of the tunnel, and position of the detector with respect to the tunnel exit. In Figure
(a), the rectangular shape in the hit distribution is the imprint of the tunnel. The boosted muons exit
the tunnel and directly hit the detector. The asymmetry of the imprint results from the position of the
detector. The beam pipe and therefore the central axis through the detectors are not in the center of
the BDS tunnel. As can be seen in Figure 6.3, the beam line curves such that it is closer to one of the
tunnel side walls than to the other. The top-bottom asymmetry is due to the fact that the detector
cavern is below the ground level of the tunnel.
Adding the magnetized wall as an additional muon shielding causes the muons to scatter. The clear
tunnel imprint is no longer visible in Figure 6.4 (b). Scattering the muons is not the only e�ect of
the magnetized wall. As can be seen in Figure 6.5, the wall shifts the muon energy to lower values
for a respective center-of-mass energy. The muons are de�ected away from the forward directions due
to the magnetization of the wall, but also lose their energy in the material of the wall. Low energy
muons are either stopped completely, or de�ected such that they cannot reach the detector. The peak
in the energy distributions at lower energies is therefore reduced for the �5 spoilers + wall� scenarios.
Additionally, the number of muons per bunch train can directly be compared for the two ILC stages
and the di�erent shielding options.

These muons then leave a particular number of hits in the SiD subdetectors by penetrating the full
detector. For the comparison between the total number of hits in the four di�erent cases, Figure 6.6
shows a bar chart of the hits collected in each subdetector. The largest number of hits is counted for
the endcaps of the muon detector system, which is the subdetector with the largest e�ective detector
area under normal incident of the muons. Also, it is the outermost subdetector, likely to be hit by
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6. Muon background from the Beam Delivery System

(a) 3D view, 5 spoilers + wall,
ILC250

(b) xy-view, 5 spoilers + wall,
ILC500

(c) xy-view, 5 spoilers,
ILC500

Figure 6.4.: Event displays of the muon hits in SiD for di�erent center-of-mass energies and
di�erent shielding scenarios.

all of the primary muons. Accordingly, the vertex detector (as the smallest and innermost detector) is
hit the least number of times, and in the same manner also the other subdetectors gain representative
numbers of hits. Deducing from the hit distributions, the SiD detector will overall su�er from less hits
in the ILC250 stage with respect to the ILC500, but adding the magnetized wall to the shielding will
yield even smaller hit counts for both center-of-mass energies.

After looking at the total number of hits, which re�ects the size and position of the subdetectors
in SiD, this fact can be even better derived from the hit time distributions shown in Figure 6.7. The
muons emitted from the BDS tunnel arrive �rst at the endcaps of the muon system, as mentioned
above. After penetrating all muon endcap layers, the next outermost subdetector is hit and so on, until
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6.2. E�ect of muons on the SiD performance

Figure 6.5.: Energy distribution of the muons for the di�erent shielding scenarios, and for a
center-of-mass energy of 250 and 500 GeV. The number of muons are normalized
to a full bunch train for all cases.
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(b) ILC500

Figure 6.6.: Total number of hits in the various SiD subdetectors for both shielding scenarios in
the ILC250 stage (a) and ILC500 stage (b). The number of hits come from muons
from a full bunch train.

the muons make their way to the opposite muon endcap. The time needed for the muons to penetrate
the full detector is hence about 40 ns, independent of the muon shielding and the center-of-mass energy.

87



6. Muon background from the Beam Delivery System

Figure 6.7.: Hit time distribution of the BDS muons in the various SiD subdetectors for ILC500
stage and for the �5 spoilers� scenario only. The number of hits are normalized to
hits from a full bunch train for all cases.

6.2.2. SiD occupancy

The next step is to look at the occupancy of the detector arising from these muon hits. As in Chap-
ter 5.3.2, the number of hits are counted for every cell in the subdetectors, which can be directly
translated into a detector occupancy. In the following, the muon occupancy in the SiD HCAL barrel
and the tracker endcaps is discussed. As explained in the previous chapter, occupancy plots show how
many detector cells are hit a certain number of times. By respecting the rule that the sum of all cells
with a number of hits greater than or equal to the bu�er depth should not exceed 0.01 % (10−4 of all
cells), a statement can be made as to whether given occupancy levels are acceptable. By optimizing the
design of the detectors and the accelerator, a balance can be found between a su�cient bu�er depth of
the detector sensors and low background levels arising from the accelerator.
Figure 6.8 shows the occupancy and the number of dead cells 2 in the HCAL barrel, normalized to its
total number of cells. In the current detector design, the HCAL cells have a size of 1 cm×1 cm. As a
result, a maximum of three hits per cell is observed, because of which the x-axis range in Figure 6.8 (b)
also reaches to three only. Here, the number of dead cells is shown as a function of the assumed bu�er
depth. In the theoretical case of a bu�er depth of one, about 10−4 of all cells would have a full bu�er
(with one hit) for the �5 spoilers� case in the ILC500. Here, the critical limit for acceptable occupancies
of 10−4 would just about be reached, all other cases would have acceptable values. Realistically, the
HCAL sensor will have a higher bu�er depth, namely a bu�er depth of four (in the current design) or
higher. Since none of the cells are hit by more than three muons, the occupancy in the HCAL barrel
is very low and far from the critical limit.
For the SiD tracker endcaps, however, the number of hits per cell reaches a maximum of 30 (see Fig-

2
A cell is de�ned to be dead when the bu�er of its sensor is already completely �lled, and no further hits can be stored.
Further details can be found in Chapter 5.3.2.
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6.2. E�ect of muons on the SiD performance

(a) Normalized occupancy (b) Normalized number of dead cells

Figure 6.8.: Figure (a) shows the muon occupancy in the SiD HCAL barrel after a full bunch
train, whilst Figure (b) shows the fraction of dead cells resulting from this occupancy.
Both histograms are normalized by the total number of cells in the HCAL barrel. The
�rst bin of Figure (a) contains the total number of cells, because of which the value
of this bin is 1 for all cases.
The dashed lines in Figure (b) indicate the bu�er depth of four for the current sensor
design, and the guideline of 10−4 for a critical acceptance limit.

(a) Normalized occupancy (b) Normalized number of dead cells

Figure 6.9.: Figure (a) shows the muon occupancy in one of the SiD tracker endcaps after a full
bunch train, whilst Figure (b) shows the fraction of dead cells resulting from this
occupancy. Both histograms are normalized by the total number of cells in the tracker
endcap. The �rst bin of Figure (a) contains the total number of cells, because of
which the value of this bin is 1 for all cases.
The dashed line in Figure (b) indicate the bu�er depth of four for the current sensor
design, and the guideline of 10−4 for a critical acceptance limit.
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6. Muon background from the Beam Delivery System

ure 6.9). As for the SiD tracker, a readout cell size of 50 µm×50 µm was assumed, this is at �rst not to
be expected. The total number of hits in the tracker is smaller than in the HCAL, and yet the number
of hits per cell reaches a much larger value. The reason for this is that low energy (of the order of
several hundred MeV) muons spiral in the magnetic �eld of the detector solenoid magnet, and by doing
so hit the active layer of the tracker endcap several times. An example of a loop performed by such a
muon is depicted in Figure 6.10. Although the number of hits per cell ranges up to 30, the occupancy
is consistently below 10−6 for all cases. The number of dead cells, shown in Figure 6.9 (b), is plotted
as a function of an assumed bu�er depth of up to 30 accordingly. Assuming the sensors in the SiD
tracker will have a bu�er depth of four, about 2× 10−8 of all cells would be dead for the ILC500 with
the �5 spoilers� shielding only. Also in this subdetector, the muon occupancy is below the critical limit
for SiD for any bu�er depth that might be chosen as the sensor design.
In the ILC500 stage, the occupancy for all subdetectors is reduced by at least a factor of �ve when
adding a magnetized wall to the muon shielding. This factor is even higher in the ILC250 stage. Plots
of the occupancy for the remaining SiD subdetectors can be found in Appendix B.

Figure 6.10.: Hit position of muon hits in the SiD tracker endcap, in layer number four. The
muon spirals whilst penetrating the active layer, and thereby increases the number
of cell hits.

6.3. Conclusion

This section presented a study of the e�ect of the muons from the BDS on the SiD occupancy for two
di�erent shielding options. For the �rst option, �ve magnetized spoilers would be installed at di�erent
locations along the beam line. For the second option, a magnetized wall would be placed between these
spoiler locations and the interaction region, as an additional shielding device.

In Section 6.2.2, the comparison of the occupancy in these two cases revealed that the magnetized
wall reduces the occupancy by a signi�cant amount. Nevertheless, the occupancy level is in both
cases far from the critical limit of 10−4, which is especially important in the tracking systems of the
SiD detector. For these subdetectors, a minimal background occupancy is crucial to guarantee a high
performance in the track reconstruction of physics events. For the �rst ILC stage, the SiD tracker
endcap occupancy for an assumed bu�er depth of four is about 4× 10−9 for the minimal shielding
option without the wall. Since in the next ILC stage at a center-of-mass energy of 500 GeV, the
number of muons reaching the detector is larger by a factor of three, also the occupancy for the same
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bu�er depth is increased by about a factor of three for the �5 spoilers� case. However, it still does not
exceed 10−7. The total number of muons produced in the BDS in both of the studied ILC stages is
listed in Table 6.1.

Overall, the magnetized wall does not seem to be necessary in order to limit the muon occupancy
in SiD, for both studied center-of-mass energies. However, the wall serves as a tertiary containment
device against muons and other machine background particles. The decision might be to keep the wall
anyway for the protection of personnel and maintenance sta�, depending on the restrictions imposed
by radiation safety regulations. A solution to lessen the price for the wall would be to change its design
such that its thickness is reduced and it is not magnetized. The wall would then still serve as additional
shielding but does not de�ect charged particles. The next step for the studies of the muon shielding
would be to also adjust the detector speci�c Pacman design with respect to di�erent materials and the
possibility of magnetizing the Pacman volume.

Additionally, the timing of the muons (discussed in Section 6.2.1) gives reason to study possible
time gates in the individual subdetectors. Since the muons hit the muon system �rst and then penetrate
the inner subdetectors, there are distinct hit times. Speci�c time gates for each subdetector could be
decided on, in order to reduce the background occupancy.
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7 Chapter 7.

Beam halo collimators for machine
background reduction

After having studied di�erent options for shielding the muon machine background in the ILC Beam
Delivery System in Monte Carlo simulations (see Chapter 6), this chapter describes a di�erent approach
for reducing the machine background at the IP.
The functionality of a vertical beam halo collimator, which was proposed for the ILC Final-Focus system,
was tested by taking measurements of the machine background at the Accelerator Test Facility 2 (ATF2).
Sections 7.1 and 7.2 give a brief description of ATF2 and the vertical beam halo collimator. Afterwards,
the background measurements are presented in Section 7.3. Additionally, Section 7.4 describes the Monte
Carlo simulation of the accelerator and the collimator system, which was done using the accelerator
simulation framework BDSIM.

The ILC Final-Focus (FF) system is responsible for focusing and preparing beams for the collision, as
explained in Section 4.2. Focusing the beam bunches to nanometer-size is challenging, and requires a
multitude of magnets, and diagnostic devices. With such small beam sizes, also the beam pipe radius
and the apertures of all beam pipe components are of the order of centimeters. Beam orbit �uctuations
can therefore lead easily to interactions between the beam and the beam line components, and hence
to the production of machine background particles. In order to reduce the production of machine
background, one approach is to install beam halo collimators that cut o� the halo around the beam
core.
For testing the feasibility of such collimators for future linear colliders such as the ILC, a vertical beam
halo collimator [101] has been installed at the Accelerator Test Facility 2 (ATF2). In March 2016, data
of the background in the proximity of the collimator were taken in dependency of the aperture of this
collimator. This chapter covers the analysis of the data as well as simulation studies done with BDSIM.

7.1. The Accelerator Test Facility 2

The Accelerator Test Facility 2 (ATF2) is an extension to the accelerator facility ATF at the High
Energy Accelerator Research Center Organization (KEK) in Japan [102]. As can be seen in Figure 7.1,
ATF consists of a linear accelerator, which pre-accelerates electrons to 1.3 GeV before they enter the
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7. Beam halo collimators for machine background reduction

Figure 7.1.: A schematic of the ATF accelerator with the ATF2 extension [101, cf. p. 65]. ATF
consists of a linear accelerator, a damping ring, the new ATF2 extension with the
Final-Focus system, and a beam dump.

damping ring. Afterwards, the beam continues on the ATF2 beam line, which serves as a test bench
for the FF system of the ILC.
ATF2 has two main goals:

1. Focusing the low-emittance beam to 37 nm in the vertical plane, which corresponds to the ILC
goal of 5.9 nm

2. Demonstrating the stability of the nanometer sized beam at the interaction point

So far, focusing the beam to a size of 40 nm has been shown to be repeatable. Although the beam
size goal of ATF2 seems to be large compared to the ILC goal of 5.9 nm, the ATF2 system is directly
comparable to the ILC Final-Focus system. The beam size goal has to be scaled up for di�erent lattice
and beam conditions.

Additionally, as the ATF serves as a research accelerator, the ATF collaboration allows research
groups to test new accelerator and diagnostic components, to operate the accelerator themselves, and to
take measurements for their research. ATF therefore o�ers a unique opportunity for young researchers
to conduct their experiments and to gain experience in operating a particle accelerator.
To this end, the vertical beam halo collimator, which was proposed and designed for reducing the
machine background at linear colliders, was installed in ATF2 in the beginning of March 2016 by Nuria
Fuster-Martinez [101]. In a collaboration with Nuria Fuster-Martinez, valuable experience was gained
working together in the installation and operation of diagnostic hardware for particle detection, and in
the operation of the ATF beam. Whilst the focus of her research was the construction and installation
of the collimator, as well as the measurements of its general functionality, the focus for this part of
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ɣ

e-
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QD10BFF

QD6FF
B5FF

BDUMP

Vertical Beam Halo Collimator

Figure 7.2.: A schematic of the ATF2 lattice [104]. The beam direction is from right to left.
The beam halo collimator is located before the quadrupole magnet `QD10BFF', the
Cherenkov detector is installed downstream between the dipole magnet `B5FF' and
the quadrupole magnet `QD6FF'. After the interaction point (IP), the electron beam
is bent in the last dipole magnet `BDUMP' towards the beam dump.

the thesis at hand was independent measurements of background particles in the proximity of the
collimator.
The vertical beam halo collimator and the Cherenkov detector, with which the background level was
measured in dependency of the collimator aperture, are both located in the FF section of ATF2. A
schematic of the ATF2 lattice with the collimator and the Cherenkov detector is shown in Figure 7.2.
The Cherenkov detector was built and setup by a group from the Royal Holloway University of London
(RHUL) [103], because of which the detector is in the following sections referred to as the �RHUL
Cherenkov detector�. A more detailed description of this detector is given in Section 7.3.1.

7.2. Vertical beam halo collimator

The purpose of the vertical beam halo collimator is to cut o� the beam halo in the vertical direction,
in order to reduce the machine background at the IP. The design drawings of the collimator structure
are shown in Figure 7.3. The collimating jaws are inside a structure that is evacuated and connected
to the beam pipe of the ATF2 beam line. A picture of the installed collimator is given in Figure 7.4.
The actual jaws are made of copper, the other components of stainless steel. The jaws have an overall
length of 238 mm, and a cross-sectional area of 24 mm×24 mm. They can be moved individually to an
arbitrary position inside the possible range, so that the inner edge of the jaws can have a distance of
between 2.6 and 12 mm to the center. The full aperture of the collimator structure can therefore be
between 5.2 and 24 mm. The error on the position of the jaws is about 10 µm.
As every component in a beam line, especially for such small beam sizes, is a�ecting the electromagnetic
�eld of the passing beam, the collimator is designed to minimize the e�ect of inducing wake�elds [105,
101]. This thesis, however, focuses exclusively on the e�ect on the background level, as mentioned
above.
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Figure 7.3.: A drawing of the vertical beam halo collimator installed at ATF2 [105].

Figure 7.4.: A picture of the vertical beam halo collimator built into ATF2. The collimator jaws
are within the evacuated structure. At the top and bottom of the structure, the mover
system for the two jaws can be seen.
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Figure 7.5.: A perspective schematic of the RHUL Cherenkov detector setup in ATF2. The beam
electrons are bent in the dipole magnet, and continue through the rectangular beam
pipe along the ATF2 beam line, and past the RHUL Cherenkov detector face. Sec-
ondary particles from particle showers on the other hand continue through the rectan-
gular beam pipe, and enter the RHUL Cherenkov detector through the second window
in the �ange. The light signals are collected by the PMT.

7.3. Background studies

7.3.1. RHUL Cherenkov detector

The RHUL Cherenkov detector [103] uses the Hamamatsu photomultiplier tube (PMT), which was
previously installed in a laserwire sensor that was located at the same position in the ATF2 beam line.
The Cherenkov detector itself uses aerogel1 as its radiator medium. A light-guiding pipe, with a pro�le
area of 10 cm2 and a total length of 35 cm, directs the light from the aerogel to the PMT. Figure 7.5
shows a schematic drawing of the detector setup. Pictures taken of the detector at the ATF2 beam line
are shown in Figure 7.6.
It is installed downstream of a dipole magnet, which de�ects the beam electrons along the beam line.
The entrance of the Cherenkov detector is positioned such that the secondary particles from particle
showers can be detected. The beam electrons are de�ected past the detector. The detected secondary
particles are an indication of the particle showers produced by interactions between the beam and the
beam line components.

PMT noise measurements Before measurements of the shower particles could be taken, the PMT
noise had to be measured. The noise is the signal that is measurable by the PMT, when the beam is
turned o�. Figure 7.7 (a) shows the mean values of the noise measurements for di�erent PMT voltages.
For every point either 500 or 1000 ADC pulses were recorded and averaged. The error bars represent
the standard deviation on the mean value calculated with SD = σ√

N
, where σ is the RMS of the noise

1
SP15, index 1.015, 4 slices, 4 cm

2
, 5 cm deep
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Figure 7.6.: Pictures of the RHUL Cherenkov detector in ATF2. The aerogel detector and the
light channel are positioned behind a �ange that connects the rectangular beam pipe
with a circular one. The �ange has two openings, one for the circular beam pipe,
another one covered by a plastic window through which the secondary particles leave
the rectangular beam pipe and enter the RHUL Cherenkov detector.

distribution at each point and N the number of pulses.
At around 800 V, the e�ect of dark current in the PMT becomes prominent, because of which the noise
rises exponentially. Dark current is the electric current that can arise without a signal input. Some of
the possible causes are: the thermionic emission of electrons from the photocathode and the dynodes,
leakage current between the anodes and cathodes, and ionization current from residual gases inside the
PMT [106, p. 67].
As the data was taken only for the voltages for which noise measurements were done, the mean value of
noise is subtracted from every signal pulse appropriately. Therefore, the rise in noise is automatically
taken into account for higher voltages.

PMT voltage calibration measurements In order to compare data sets that are taken at di�erent
PMT voltages, the signals have to be scaled. The rule of scaling the data is derived from the �t to
the calibration measurements in Figure 7.7 (b). The data for this calibration is taken for stable beam
conditions at a beam intensity of 0.15±0.02× 1010, and then plotted in a double logarithmic plot.
The linearity of the data points shows the behavior of the PMT for di�erent voltages according to
Equation 7.1 [106]:

µ = A · V kn (7.1)

where µ is the PMT gain, V the applied voltage, and n the number of anodes in the PMT. A and k
are free parameters. This equation can be rewritten as:

signal = par1 · V par2 (7.2)
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(a) RHUL Cherenkov detector noise (b) RHUL Cherenkov detector voltage calibration

Figure 7.7.: Calibration measurements with the RHUL Cherenkov detector.
Figure (a) shows the average PMT noise signal as a function of the voltage applied
to the detector PMT. The noise was measured when the ATF beam was turned o�.
For each voltage, 500 or 1000 ADC pulses of noise were recorded, and the noise was
averaged over the number of pulses.
Figure (b) shows the average PMT signal as a function of the voltage applied to the
detector PMT. The signal was measured when the ATF beam was stable at a beam
intensity of 0.15±0.02× 1010. For each voltage, 500 ADC pulses were recorded, and
the signal was averaged over the number of pulses.

After taking the logarithmic of both sides, the equation can be written as:

log(signal)=log(par1)+par2·log(V ) (7.3)

y ={1} +{0} ·x (7.4)

Equation 7.3 proves the linearity of the graph in the double logarithmic plot and veri�es Equation 7.1
from the literature. For the log-log plot, Equation 7.4 is the derived �t function with the �t parameters
that are obtained by applying the �t to the data in Figure 7.7 (b). The original signal function is
therefore:

signal = 10{1} · V {0} (7.5)

with log(par1) being the �t parameter {1}, and par2 being the �t parameter {0}.
A signal (signal1) can then be scaled into a new signal (signal2) according to the voltages by doing:

signal1
signal2

=
10{1} · V {0}1

10{1} · V {0}2

(7.6)

signal2 = signal1 ·
(
V2
V1

){0}
(7.7)
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7.3.2. Collimator apertures scan at different intensities and vacuum pressures

For the measurements of the background signal in dependency of the collimator aperture, scans of
the collimator apertures were done, whilst closing the collimator jaws simultaneously. Figure 7.8 (a)
shows the plot of the average detector signals at �ve di�erent beam intensities. It is clear that the
background level rises approximately linearly with increasing intensity. The characteristic shape of the
scan is however conserved: the background level is constant when closing the collimator from a full
aperture of 24 mm to about 15 mm. When closing to 10 mm the background level drops, and rises again
when closing the collimator completely, i.e. to 6 mm full aperture.
The measurements shown in Figure 7.8 (b) were done in a similar way, but for two di�erent vacuum pres-
sures: 4.9× 10−7 Pa and 1.06× 10−6 Pa. The data were taken for a beam intensity of 0.5±0.03× 1010.
The background level is higher by about a factor of two for the higher vacuum pressure, as expected.
Nevertheless, the background level is not simply shifted as expected from the two di�erent pressure
values. At the plateau (between 12 and 24 mm), the background level for the higher pressure is larger
by almost a factor of two. At an aperture of 10 mm, however, the background is reduced to almost the
same level at both pressures.
Independent of the beam intensity or the beam pipe vacuum pressure, the vertical beam halo collima-
tor reduces the background measured with the RHUL Cherenkov detector by up to about 50 %, when
closing the collimator to a full aperture of 10 mm. The collimator therefore reduces the background
dramatically, especially at high background rates.

(a) Di�erent beam intensities (b) Di�erent vacuum pressures

Figure 7.8.: Average signal as a function of the full aperture of the vertical beam halo collimator.
For Figure (a), the signal was measured for di�erent beam intensities: 0.21× 1010,
0.44× 1010, 0.51× 1010, 0.72× 1010, and 0.78× 1010. The error on the beam inten-
sity is 0.02× 1010.
For Figure (b), the signal was measured for a beam intensity of 0.5±0.03× 1010. The
vacuum pressure was lowered from 4.9× 10=7 Pa to 1.06× 10=6 Pa.
For each aperture, 500 ADC pulses were recorded, and the signal was averaged over
the number of pulses.
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The drop in the measurable background level for a collimator aperture between 15 and 10 mm is
on the one hand proof of principle for the collimator. On the other hand, the measured rise in the
background level leaves some questions open about the origin of the background particles and the e�ect
of the collimator aperture on particle showers. These questions are addressed in Section 7.4, in which
the e�ect of the collimator is simulated with BDSIM.

7.4. Simulation study of the vertical beam halo collimator

As the data in Figure 7.8 in the previous section have shown, the collimator reduces the existing
background level if closed to a full aperture of 10 mm. By closing the jaws further, the background
level increases again. To address open questions, simulations of the ATF2 lattice including the beam
halo collimator were done using BDSIM. The geometry model of the ATF2 accelerator lattice (in its
state in the year 2015) already exists as a feature of BDSIM. However, a realistic model of the vertical
beam halo collimator had to be added.

7.4.1. BDSIM

BDSIM [107] is a Geant4 extension toolkit for the simulation of particle transport in accelerator
beam lines, but also for the simulation of the interaction between the beam particles and the accelerator
material. It is developed and supported by RHUL. The geometry of lattice parts are described in classes
within the BDSIM framework. Particle accelerator lattices, such as the ATF2 lattice, can easily be
built up with the pre-de�ned components. The magnets and other beam line components available
within BDSIM are simpli�ed versions of common components used in particle accelerators. The ATF2
lattice is visualized with the BDSIM software in Figure 7.9.
The simulation studies of ATF2, which are presented in this section were done with BDSIM version
0.95.

Figure 7.9.: A part of the ATF2 lattice visualized with the Geant4 toolkit BDSIM.

7.4.2. Modeling the vertical beam halo collimator

The vertical beam halo collimator was modeled in GDML [108, 109] format according to its technical
design drawings. Figure 7.10 shows a visualization of this model, as well as a view of the collimator
structure inside the ATF2 lattice. In Figure 7.10 (a), the collimator jaws can be seen, which can be
set to an arbitrary y-position inside the structure. With this new feature, BDSIM simulations with
di�erent collimator settings were done.
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(a) Geometry visualization (b) Collimator model in the ATF2 beam line

Figure 7.10.: Model of the vertical beam halo collimator, used in the BDSIM simulation of the
ATF2 beam line lattice.

7.4.3. Simulation results

In order to validate the BDSIM simulation, comparisons of the beam parameter development along
the beam line have been made for BDSIM and MADX [110]. MADX is a simulation tool for the
simulation of beam dynamics at particle accelerators. For this validation, the beam size of the ATF2
beam core was plotted along the beam line for BDSIM and MADX. As shown in Figure 7.11, both
simulations of the ATF2 beam dynamics are in good agreement. At the start of the ATF2 beam line,
the beam core has a size of σCorex = 51.9µm and σCorey = 15.4µm. At the location of the beam halo

collimator (S = 9 m), the beam core has a size of σCorex = 0.16 mm and σCorey = 0.28 mm. For the
BDSIM simulation of the background particles, the primary particle beam was then set to be the
ATF2 beam halo, excluding the beam core. The beam halo is de�ned to stretch from 3σCorex to 5σCorex ,
and from 3σCorey to 10σCorey . In BDSIM, the beam halo is modeled accordingly, assuming a Gaussian
distribution. The beam particles have an energy of 1.3 GeV with an energy spread of 0.08 %.

Figure 7.11.: Comparison of the ATF2 beam size (σx and σy) development along the beam line
(S [m]) using BDSIM and MADX.
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(a) Upstream ATF2 components

(b) Downstream ATF2 components

Figure 7.12.: Number of secondary particles observed in the ATF2 components directly upstream
(a) and downstream (b) of the vertical beam halo collimator (COLLBY). The x-axes
show the component names in the ATF2 lattice [111]. Components starting with the
letter �L� are drift lengths, components containing the word �COLL� are collimators.
All other names belong to magnet components.
The results for the �Open Vertical Collimator� are gained with fully retracted colli-
mator jaws. The �Closed Vertical Collimator� has a full aperture of 4mm.
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(a) Primaries in the x-direction (b) Primaries in the y-direction

(c) Secondaries in the x-direction (d) Secondaries in the y-direction

Figure 7.13.: Number of primary and secondary particles arriving at the exit of the vertical beam
halo collimator [101, cf. p. 152]. Figures (a) and (b) show the number of primary
particles in the x- and y-direction for di�erent collimator half apertures. A half
aperture of 12mm corresponds to a completely open collimator (with a full aperture
of 24mm).
Figures (c) and (d) show the number of secondary particles in the x- and y-direction
for the same collimator apertures.

Several BDSIM simulation runs were done for di�erent apertures of the vertical beam halo col-
limator. The results were analyzed regarding the observable number of secondary particles created at
the various ATF2 beam line components. A list of the beam line components and descriptions can be
found in [111]. For a beam halo population of 2× 106 primary particles, the number of secondary par-
ticles in the proximity of the beam halo collimator can be seen in Figure 7.12. The number of particles
are given in bar charts for the two collimator apertures: 24 mm (open collimator) and 4 mm (closed
collimator). In the direct proximity of the collimator, the number of secondary particles is larger in the
case of a closed collimator due to particle showers caused by the intersection of the beam halo with the
collimator jaws.

This is shown in Figure 7.13. The number of primary and secondary particles are plotted at the
exit of the beam halo collimator for di�erent collimator half apertures. In Figures 7.13 (a) and (b),
the x- and y-positions of the primary beam particles are plotted. For an open collimator, the beam
is un-disrupted in both planes. When closing the collimator, the cut-o� of the beam halo is visible in
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Figure 7.14.: Number of secondary particles arriving at the location of the RHUL Cherenkov de-
tector in the case of an open (aperture of 24mm) and closed (aperture of 4mm)
vertical beam halo collimator (COLLBY). The x-axis shows the component names
in the ATF2 lattice [111]. Components starting with the letter �L� are drift lengths,
components containing the word �COLL� are collimators. All other names belong
to magnet components.

Figure (b). Primary particles are now, however, also spread in both the x- and y-direction. Figures 7.13
(c) and (d) show the positions of the secondary particles. Again for an open collimator, the level of
secondary shower particles is low. For smaller collimator apertures, particle showers are created due
to the intersection of the beam halo with the collimator jaws. The background level rises by several
orders of magnitude.
Figures 7.12 (a) and (b) show furthermore that the number of secondaries further downstream of
the collimator is smaller in every beam line component for a closed collimator compared to an open
collimator, although more secondaries are produced in the direct proximity of the collimator. The cut
o� beam halo, therefore, reduces the showers in downstream beam line components.
At the location of the RHUL Cherenkov detector, which is indicated in Figure 7.12 (b), the number of
occurring secondary particles is lower by over one order of magnitude in both cases compared to the
components close to the collimator. This indicates that the observation of di�erences in the background
suppression by the vertical beam halo collimator is challenging at this location.

Further studies have been conducted to �nd the origin of the particles that would hit the RHUL
Cherenkov detector. To this end, cuts have been applied to the particle positions, such that only
particles with x- and y-positions within a window that matches the front face of the RHUL Cherenkov
detector are registered. The result is shown in Figure 7.14. The largest contribution are the primary
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beam particles. Almost all other contributions are several orders of magnitude smaller. The respective
components are all located downstream of the beam halo collimator and upstream of the Cherenkov
detector. The number of observed shower particles coming directly from the beam halo collimator
(COLLBY) is smaller for the closed collimator than for the open collimator by a few percent. Overall,
there is no signi�cant di�erence in the number of particles between the two studied collimator apertures.

7.5. Conclusion

The BDSIM simulation studies of the ATF2 lattice and the e�ect of the vertical beam halo collimator
(Section 7.4) does not yield the desired results comparable to the measured data, which were discussed
in Section 7.3.2. Figure 7.12 shows that the level of secondary particles at the location of the RHUL
Cherenkov detector is low in comparison to the direct proximity of the vertical beam halo collimator.
After discussions with BDSIM developers, it was concluded that the geometry models of the ATF2
beam line and its components are not mature enough for precision studies of the background in de-
pendency of the collimator aperture. In order to improve the model, more accurate measurements of
all component apertures along the ATF2 line had to be taken and implemented. The exact apertures
are needed for a realistic simulation of the interaction of the beam halo with the beam line material.
Additionally, the magnetic �elds around the beam line magnets, which also a�ect the secondary parti-
cles, have to be modeled outside the beam line. So far, the implemented �eld maps only describe the
magnetic �eld around the beam axis.
Overall, the analysis tool, which was written to gain the presented simulation results, is capable of
showing the origin of the background particles and the background level at all components along the
beam line. The beam halo collimator model, which was created for this simulation study, was provided
to the BDSIM developers for its implementation into the ATF2 lattice, which is part of the available
examples given in the BDSIM framework.

In Section 7.3.2, it was shown that the background level measured with the RHUL Cherenkov
detector is approximately linearly dependent on the beam intensity and the beam pipe vacuum pressure.
The measured background rate is also directly a�ected by the movement of the collimator jaws. Closing
the collimator to an overall aperture of 10 mm, the background rate is reduced by about 50 %.
For future studies, the background levels should be measured at locations closer to the beam halo
collimator, where higher background levels are expected. The e�ect of the collimator aperture is
therefore easier to observe due to higher statistics and fewer in�uencing components between the
collimator and the background detector. Together with an improved BDSIM model of ATF2, various
background studies could be conducted regarding the impact of accelerator components and accelerator
running schemes.

Effect on the background level at IP The actual aim of the vertical beam halo collimator is to
reduce the machine background at the IP. Figure 7.15 shows measurements of background photons at
the ATF2 IP in dependency of the vertical beam halo aperture. For all measured beam intensities, the
background photon level was reduced by closing the collimator to a half aperture smaller than 6 mm,
which corresponds to a full aperture of 12 mm. This and further results concerning studies of the beam
halo collimator [101] are a proof of principle for the vertical beam halo collimator.
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Figure 7.15.: Number of photons measured at the ATF2 IP in dependency of the vertical beam
halo collimator aperture [101, p. 212]. The collimator aperture is given as the half
aperture, which is the distance between the center axis and one collimator jaw. The
photons were measured behind the ATF2 IP, where the beam electrons are de�ected
by the last bending magnet of the beam line lattice.
The measurements were done for three beam intensities (0.7× 1010, 0.8× 1010, and
1.0× 1010).
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8 Chapter 8.

Background from the main beam dumps

After every beam collision, the beams of a linear collider are dumped into the main beam dumps. For the
International Linear Collider, the main beam dump design is based on a water tank, which is tailored
to absorb the beam power over a length of about 12m.
Section 8.1 describe the simulation tools FLUKA and �air, which were used for the simulation of the
main beam dumps. The two studied beam dump designs are presented in Section 8.2. Section 8.3 is
focused on the irradiation of the water tank and its surroundings, as well as on the neutrons that are
produced due to the interaction of the beam particles with the water molecules.
The second part of this chapter discusses those neutrons which are directed towards the ILC extraction
line. The simulation of the neutrons traveling through the extraction line is discussed in Section 8.4.
The neutrons reaching the interaction region present an additional background for the experiments.
Their e�ect on the SiD detector is shown in Section 8.5. In the end, a suggestion for an alternative
beam dump design is given in Section 8.6.

The spent e+e− beams are directed through the extraction line (EXT) of the ILC towards the main
beam dumps. As can be seen in Figure 8.1, the beam dump halls are about 300 m away from the
interaction point (IP) in a direct line of sight. The extraction lines have the task of transporting
the highly disrupted beams to the dumps, because of which their quadrupole magnets have a large
acceptance for o�sets in the beam orbit as well as in the beam momentum of up to 60 % [45, p. 139].
The quadrupole magnets are to minimize beam loss so that additional diagnostic devices in the EXT
lines can measure the qualities of beam bunches before they are dumped.

The beam dump designs are based on water tanks, which are surrounded by iron and concrete
shielding walls. The two di�erent designs that are studied in this chapter are described in detail in

Figure 8.1.: Illustration of the interaction region of the ILC with the extraction line (EXT) leading
from the IP to the main beam dump halls. The extraction lines are about 300m long.
The illustration is not to scale.
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Section 8.2. The choice of a water tank as the beam dump is motivated by the high speci�c heat
capacity of water, which is ideal to dissipate the energy of the beams. The water beam dumps for the
ILC have to be able to absorb a beam power of up to about 17 MW1 for the ILC stage at a center-of-
mass energy of 1 TeV [112].
The high energy lepton beam interacts with the water molecules, leading to the emission of neutrons
under all solid angles. The central interests of this chapter are the e�ects of these neutrons reaching
back to the interaction region, and the doses that the surrounding area would su�er from. The result
is a rise in the occupancy of the detector experiments, and damage to the detector components. The
neutron background would �rstly contribute to the radiation damage, such as displacement in the
silicon sensors, which results in charge traps, reduction of charge transfer, and the overall degrading of
the detector performance. Secondly, the immediate irradiation of the beam dump surroundings leads
to restricted access for the maintenance sta� and personnel. It is therefore crucial to understand the
irradiation and the level of neutron background generated by the beam pulses dumped into the ILC
main beam dumps.

8.1. FLUKA and flair

The simulation study of the ILC main beam dumps for this thesis was done using the Monte Carlo
simulation tool FLUKA [113, 114]. FLUKA calculates the particle transport and interactions with
matter of the user-de�ned geometry. With the graphical interface �air [115], which was speci�cally
developed for FLUKA, complex geometries can be constructed with the help of technical drawings
that are imported as templates into the �air -geoviewer plug-in (see Figure 8.2). It allows interactive
geometry viewing and editing, as well as debugging and three dimensional visualization.
FLUKA's capabilities furthermore cover the calculation of particle densities and energy densities, the
activation of material, and the residual dose rates when considering variable cooling times. These
functionalities were used for the study of the ILC beam dump designs presented in the following
sections.

Figure 8.2.: Preview of the construction of the ILC beam dump using a technical drawing as a
template imported into the �air-geoviewer plug-in.

1
This value includes the average beam power of 13.7MW at a center-of-mass energy of 1TeV plus safety margins of
20%.
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8.2. ILC main beam dump designs

The designs for the main beam dump in this study are based on the technical design drawings that can
be found in [116]. The drawings include plans for the surface building, the beam dump hall with the
shielding walls around the water tank, and two di�erent designs for the main beam dumps. The design
based on the drawing with the identi�cation number 0-TB-0067-210-00-A [116] shall henceforth be called
�Design 1�, the second design based on drawing 0-TB-0067-300-00-A [116] shall be called �Design 2�.
Figure 8.3 shows a visualization of the beam dump hall modeled within �air . The innermost shielding
wall around the beam dump vessel is made of iron, and has a thickness of 50 cm. The middle layer of
shielding consists of 1.5 m thick boronated concrete, surrounded by a layer of normal concrete, which
has a thickness of 2 m. Boronated concrete is enriched with boron for the speci�c purpose of radiation
shielding. The composition of both concrete types, boronated and normal, was adapted from concrete
mixtures used in Japanese research centers, as described in [117]. The infrastructure, such as cables
and water pipes, is not included in the simulation geometry.
As mentioned in the section above, technical design drawings can be imported into �air , and directly
used as templates for the construction of the geometry. This was done for the two beam dump designs,
which will be explained in detail in the following.

Figure 8.3.: Simpli�ed version of the beam dump hall for the purpose of visualization, containing
only a simple water tank in the middle of the shielding walls. The geometry was
modeled within �air according to the technical drawings of the ILC beam dump facility.
The left hand picture is the front view, the beam direction is going into the page. The
right hand �gure shows the top view, in which the water tank is shown in the middle
of the di�erent shielding walls. A FLUKA speci�c feature is the need of having a
black body void around the geometry. This void is the border of the tracking region,
and stops all particles reaching this edge.

8.2.1. Design 1

As both beam dump designs are based on a water tank system, their basic layout is very similar. For
both, the water vessel is made out of the stainless steel alloy 316L, and has a diameter of 1.5 m and
a length of 6.5 m. The water is pressurized to 10 bar. The window between the vessel and the beam
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pipe has a diameter of 30 cm and a thickness of 1 mm. For the window material, the titanium alloy
Ti-6Al-4V is foreseen. As can be seen from Figure 8.4, the vessel contains several pipes belonging to
an inner vortex system. The turbulence of the water allows the arising heat of up to 150 ◦C from the
beam power to dissipate [118, p. 3].
Overall, the water volume represents a material budget of 18 radiation lengths (X0), which yields an
attenuation of about 33 %. An additional 9 X0 are placed in the end of the vessel in the form of water
cooled copper plates [118, p. 2].

(a) Technical drawing, yz-view (b) FLUKA model, 3D-view

Figure 8.4.: Figure (a) shows the yz-view of the beam dump Design 1 from the technical drawing.
The FLUKA model constructed within �air is shown in Figure (b).

8.2.2. Design 2

The basic layout explained above for Design 1 was also adopted for Design 2, so that the measurements
of the vessel and the window are the same for both designs. The main di�erence is the addition of a
high pressure water section in the middle of the vessel for Design 2. Figure 8.5 shows the 3D model of
Design 2 implemented within �air , with the high pressure water section in the middle. The titanium
tubes of this system have a diameter of 4 cm, through which high pressure water is pumped.
The vortex system shows also a di�erent design approach. More tubes connect the vortex system with
the outside pumps. The copper plates in this design are placed in the end of the vessel as well, for an
additional 9 X0.

8.3. Simulation studies of the beam dump surrounding

For the FLUKA simulation of the ILC beam being dumped into the water tanks of Design 1 and
Design 2 as explained above, the running scheme of the ILC1000B [43, p. 11] stage was chosen. The
beam bunches, which are considered un-collided and un-disrupted for this simulation study, have a
bunch population of 1.74× 1010 electrons, and a beam energy of 500 GeV. One beam pulse has 2450
bunches and a duration of 896.7µs. At the location of the main beam dump, the bunches have a size
of σx = 2.4 mm and σy = 0.22 mm.
In the FLUKA model, the origin of the coordinate system is set to the center axis of the beam pipe
in x and y, and to the middle of the water vessel in z. The beam bunches therefore start at a negative
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(a) FLUKA model, yz-view (b) FLUKA model, 3D-view

Figure 8.5.: Figure (a) shows the yz-view of the FLUKA model of the beam dump Design 2, the
3D-view is shown in Figure (b).

z-position of −10 m along the beam pipe center axis. This becomes clear in Figure 8.6, which shows
the �rst FLUKA result, the deposited energy per bunch. The following sections present the expected
dose rate and the particle densities.

8.3.1. Energy deposition

In FLUKA, various physics quantities can be measured as spatial densities or as double di�erential
distributions in so-called scoring cards. The measured data can then be plotted with �air .
In this subsection, the energy deposition per volume is presented in the beam dump surroundings.
Figures 8.6 (a) and (b) show the results in the xz-plane of the geometry for y = 0 ± 3 cm. For two
dimensional plots, the outlines of the geometry model can be superimposed in the correct plane. In
this way, the spatial distribution of the measured physics quantity can directly be associated with the
material allocation of the geometry. The comparison between Figure (a) and (b) shows that the energy
deposited in Design 1 is well contained within the iron shielding wall. Closest to the vessel, energies of
up to about 106 GeV cm−3 are deposited in the iron. For Design 2 however, the spread in the energy
deposition reaches beyond the �rst shielding walls. The reason for this is the larger material density
in Design 2 in the form of the high pressure water section in the middle of the vessel, which leads to
enhanced particle showering.
Figures 8.6 (c) and (d) show the maximum values of every bin in Figures (a) and (b). The overall
distribution of the deposited energy over z is smooth, with a maximum shortly before the vessel center.
Nevertheless, the distribution has several sharp peaks which can be identi�ed at locations with large
material density. For Design 1, the �rst sharp peak at z≈−230 cm corresponds to the front side of the
vortex tube, the back side of the same tube is also visible through the second peak at z≈ 110 cm. The
third peak at z≈ 220 cm is caused by the beam hitting the �rst copper plates in the end of the vessel.
Accordingly, the sharp peaks in Figure 8.6 (d) for Design 2 also correspond to locations with a higher
material density. The �rst two peaks at z≈−100 cm and z≈ 0 represent the high water pressure
sections with their titanium tubes. The last peak at z≈ 120 cm originates from the �rst copper plates,
which in this design are located closer to the vessel center. The absolute value for the maximum
energy deposited per bunch is between ∼1.4× 108 GeV cm−3 and 1.1× 109 GeV cm−3, for Design 1
and Design 2 respectively.

113



8. Background from the main beam dumps
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(a) Design 1, xz-plane
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(c) Design 1, z-projection (d) Design 2, z-projection

Figure 8.6.: FLUKA result of the energy deposition density of one beam bunch in the ILC beam
dump Design 1 (a) and Design 2 (b). The view is in the xz-plane of the beam dump
surroundings including the shielding walls. The color scale shows the deposited energy
in GeV/cm3 per bunch.
Figures (c) and (d) show the maximum values of the energy deposition as a projection
on the z axis.

8.3.2. Irradiation dose

From the deposited energy, FLUKA can calculate the instantaneous dose equivalent of the beam dumps
and their surroundings. Figure 8.7 (a) and (b) show the FLUKA results of the spatial distribution of
the dose from one bunch in the xz-plane, (c) and (d) show the projection of the maximum values onto
the z axis, equivalent to the energy deposition plots before.
The distributions are comparable for both beam dump designs, the projection plots also again show
sharp peaks at the locations of high material density. The maximum dose equivalent from one bunch
reaches about 82 Sv in Design 1 and 105 Sv in Design 2.

114



8.3. Simulation studies of the beam dump surrounding

Dose equivalent in the ILC main beam dump
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Figure 8.7.: FLUKA result of the dose equivalent from one beam bunch in the ILC beam dump
Design 1 (a) and Design 2 (b) and their surroundings. The view is in the xz-plane
of the beam dump surroundings including the shielding walls. The color scale shows
the dose in mSv per bunch.
Figures (c) and (d) show the maximum values of the dose as a projection on the z
axis. The dose equivalent is here given in Sv.

From this, the remaining dose rate can be calculated after certain cooling times. It was assumed
that there has been full beam operation for one month, after which the accelerator is turned o�.
Considering the cooling times of one minute, one hour, one day, one month, and one year after the
moment of the beam operation stop, the remaining dose rate decreases over time. Figures C.1 and C.2
in the Appendix shows the spatial distribution of the dose rate for Design 1 and Design 2 for the cooling
times mentioned above. The comparison of the dose rate as a function of the cooling time for the two
designs is then given in Figure 8.8.
Already after one minute of cooling time the area in which a dose is measurable is reduced to the
beam dump vessel and the direct surroundings. Over the duration of one year the dose is decreasing
by at least two orders of magnitude. Nevertheless, the maximum dose rate after one year is about
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8. Background from the main beam dumps

Figure 8.8.: Comparison of the maximum dose rate over the cooling time for the two ILC main
beam dump designs Design 1 and Design 2.

(a) Design 1, 1 year (b) Design 2, 1 year

Figure 8.9.: FLUKA result of the dose rate in the ILC beam dump Design 1 (a) and Design 2 (b)
and their surrounding after one month of beam operation and one year of cooling time.
The view is in the xz-plane of the beam dump surrounding including the shielding
walls. The color scale shows the dose rate in mSv s−1.

0.1 mSv s−1 for Design 1, and 10 mSv s−1 for Design 2 inside the vessel. For a given legal dose limit
of 20 mSv per year for workers whose work involves radiation activities [119], maintenance personnel
would be allowed to work on the beam dump vessel for a very restricted time only. Figure 8.9 shows
additionally the spatial distribution of the dose rate after one year for both dump designs. In the direct
surroundings, the dose rate ranges around 0.01 mSv s−1 for both designs. Assuming the maintenance
sta� do not get in contact with the actual vessel, the allowed duration of stay can be calculated to
be about 30 min, before the yearly dose limit is reached. Di�erent considerations have to be made for
necessary maintenance on the dump vessel itself. A possible approach is the remote handling of the
vessel, including replacements and disposal of its components.
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The residual nuclei, which are the cause for the high dose rates, are shown in Figure 8.10. The main
contributors are 3H, 49V, 54Mn, 55Fe, 56Co, 57Co, 58Co, and 60Co, with a half-life between ∼1 and 13
years.
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Figure 8.10.: Chart of residual nuclei in the beam dump vessel and its surroundings after a cooling
time of one year. The axes show the number of protons (Z) and the number of
neutrons (N) of the nuclei, from which the according element can be derived. The
color scale indicates the radioactivity in Bq/cm3 of the respective nuclei.

8.3.3. Particle fluxes

Particle densities in the geometry can also be evaluated with FLUKA, which is then given as the
number of particles per cm3. As an example, Figure 8.11 shows the density distribution of electrons in
the xz-plane for the two ILC beam dump designs. Since the primary beam also consists of electrons,
the beam path is also visible coming from negative z along the beam pipe. Inside the water vessel, the
beam is stopped and dissipated, and particle showers start forming. The electrons are boosted in the
beam direction, because of which electrons outside the beam dump are mainly observed around and
behind the vessel.

This looks quite di�erent for the neutron density distributions (Figure 8.12). The primary electron
beam undergoes the electromagnetic particle showers in the beam dump, which is desired in order to
absorb the beam power. The produced secondary particles from the particle showers, however, interact
with the beam dump material and the water via ionization and photonuclear processes. The products
from these processes are neutrons in connection with the radioactive nuclei discussed in Section 8.3.2.
Due to the way the neutrons are produced, they can be found under every solid angle, hence also in
the backward direction. Since the neutron �ux outside the vessel does not show a signi�cant di�erence
between Design 1 and Design 2, the following results are shown for Design 1 only. They are however
valid for both designs.
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(a) Design 1 (b) Design 2

Figure 8.11.: FLUKA result of the electron �ux from one beam bunch in the ILC beam dump
Design 1 (a) and Design 2 (b) and their surroundings. The view is in the xz-plane
of the beam dump. The color scale shows the �ux in number of particles per cm3

per bunch.

(a) Design 1 (b) Design 2

Figure 8.12.: FLUKA result of the neutron �ux from one beam bunch in the ILC beam dump
Design 1 (a) and Design 2 (b) and their surroundings. The view is in the xz-plane
of the beam dump. The color scale shows the �ux in number of particles per cm3

per bunch.

By adding an imaginary scoring plane2 upstream of the beam dump vessel as indicated in Figure 8.13
(a), the neutrons escaping the beam dump in the direction of the extraction line can be counted.
FLUKA then recorded the kinetic energy of the neutrons crossing this scoring plane under various
angles to the z-axis. The energy spectra can be seen in Figure 8.13 (b). The spectra range from
about 1 meV to 500 MeV, and indicate the number of neutrons under di�erent angles. The graph �0 -
45 degrees� shows the energy spectrum for all neutrons crossing the boundary in the direction of the

2
Designated plane in the FLUKA geometry model, at which physical quantities can be measured.
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extraction line (the negative z-direction) under an angle of up to 45°. The energy spectrum of the
neutrons that cross the boundary under an angle between 45° and 90° to the negative z-direction is also
displayed in Figure 8.13 (b). The combination of both spectra is shown by the red graph, indicated
with �all angles� in the �gure legend. The �rst peak in the meV range represents the thermal neutron
energy peak. At the eV range, resonance peaks from resonant elastic scattering of neutrons with a
compound nucleus are visible. These resonance peaks are element speci�c, so that the peaks indicate
which materials the neutrons have interacted with. The peaks visible in the plot mainly originate
from elastic neutron scattering processes with iron and copper atoms, which leads to resonances in the
neutron cross section at around 10−2 to 10−1 MeV [120, 121]. Finally in the range of ∼100 MeV, the
so-called evaporation or �ssion peak of fast neutrons is visible.

All the neutrons that pass the scoring plane are oriented in the direction of the extraction line and
hence in the direction of the interaction region and the detectors. As can be seen in Section 8.4, the
neutrons do not reach the detectors freely. Due to shielding walls and extraction line components, the
number of neutrons is reduced.

(a) Neutron scoring plane (b) Neutron energy distribution

Figure 8.13.: Scoring neutrons escaping the beam dump vessel in the direction of the extraction
line.
Figure (a) shows the position of the scoring plane in FLUKA in the xz-view of the
beam dump hall. At the boundary of the scoring plane, the neutron energy spectrum
is recorded.
Figure (b) shows the energy spectra of the neutrons, which are produced in the beam
dump Design 1 from one ILC beam bunch, and which cross the scoring plane indi-
cated in Figure (a). The di�erent graphs stand for di�erent crossing angles to the
z-axis. The red graph (�all angles�) is the combination of the other two graphs (�0 -
45 degrees� and �45 - 90 degrees�).
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8.4. Simulation studies of the extraction line

The neutrons, which are created in the ILC beam dumps and directed towards the interaction region,
are not freely traveling through the extraction line. As mentioned before, the extraction line lattice
consists of magnets and collimators, which for the neutrons represent shielding obstacles. An accelerator
lattice is the sequence of all beam line components.
The �rst device of the extraction line lattice is the focusing quadrupole QDEX1, closest to the IP.
Like the last quadrupole QD0 of the �nal-focus system, QDEX1 is also an integrated part of the two
detector experiments. Since the neutrons escaping the extraction line shall be input to a full detector
simulation, the FLUKA model of the EXT line therefore does not include QDEX1. The model rather
ends at 9.3 m from the IP, which will then be the starting point of the escaping neutrons for the
following Geant4 simulation of the SiD detector. The component of the FLUKA model closest to
the IP is the cryostat containing QFEX2A, the only other superconducting magnet of the EXT lattice
next to QDEX1. The cryostat is followed by 13 quadrupole models, which prepare the spent beams for
diagnostic measurements and which shall prevent any beam loss [45, p. 139 �, 122, 123]. The following
eight dipole magnets are part of the energy diagnostic section. The polarimeter section containing
four dipole magnets, measures the polarization level of the beam. Finally, the collimators located at
various positions along the EXT line are protection collimators, shielding the beam line devices from
irradiation.
The goal of this FLUKA simulation is to obtain the number and the distribution of neutrons reaching
the detectors. The models of the EXT line components are therefore simpli�ed models aimed at
representing the shielding objects with the correct sizes and positions along the line. The beam line
infrastructure, like vacuum pumps and valves are not accounted for in the simulation. Figure 8.14
shows the FLUKA model of the extraction line.

(a) Full extraction line

(b) Zoom of the �rst magnet section (c) 3D-view of the dipole magnets

Figure 8.14.: Pictures of the ILC extraction line, modeled within �air. The full model is shown
in a xz-view in Figure (a). Figures (b) and (c) show closeup views of the magnet
section in the beginning of the extraction line.
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(a) Neutron density distribution

(b) Deposited energy distribution

Figure 8.15.: Figure (a) shows the spatial distribution of the neutrons in the ILC extraction line
tunnel simulated with FLUKA. The color scale shows the number of neutrons per
unit area, normalized to the rate resulting from one ILC beam bunch dumped in the
water vessel.
Figure (b) shows the spatial distribution of the deposited energy in the ILC extraction
line tunnel simulated with FLUKA. The color scale shows the deposited energy in
MeV per unit area, normalized to the results from one ILC beam bunch dumped in
the water vessel.
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The tunnel stretches from 9.3 m from the IP to 300 m, where the entrance to the beam dump hall
is located. It has a width of 8 m.
The design and locations of the beam line components are taken from the most recent ILC lattice
drafts [124, 125]. The magnets are simulated without their respective magnetic �eld maps, since the
neutron tracks are not a�ected by magnetic �elds. The neutrons, which reach the extraction line past
the beam dump shielding walls, are tracked through the extraction line geometry described above. The
resulting neutron density in the tunnel is shown in Figure 8.15 (a) in a view of the xz-plane. Close to
the beam dump hall, at around z = 300 m, the neutron density reaches over 104 cm−3. This density
sinks to about 1 cm−3 close to the interaction region at z = 9.3 m. The beam line components shield
the neutron �ux such that the neutron density between about −200 cm and 200 cm in x is reduced to
about 0.1 cm−3.
The resulting deposited energy is shown in the xz-plane in Figure 8.15 (b). Due to the high density
of neutrons close to the beam hall, the energy density here reaches up to 102 - 103 MeV cm−3. Also
according to the neutron density distribution, the deposited energy close to the interaction region drops
to about 0.1 - 1 keV cm−3.
Here, at z = 9.3 m, another imaginary scoring plane is placed in the FLUKA simulation, to score
the neutrons crossing the boundary between the extraction line and the interaction region. These
neutrons can directly be used in a Geant4 simulation of the SiD detector. The results are presented
in Section 8.5.

8.5. SiD occupancy study of the beam dump neutrons

The scored neutron four-vectors at z = 9.3 m of the extraction line tunnel are converted into stdhep
format, and used as input to a full detector simulation of SiD. For one original ILC beam bunch, which
was dumped in the main beam dump, approximately 5.9× 106 neutrons reach the end of the EXT
tunnel. Of these neutrons, about 1.67× 106 enter the SiD detector and leave hits in the outer endcap
layers. Their momentum distributions are shown in Figure 8.16. The momenta in x and y (Px and
Py) reach about 40 - 50 MeV. The distribution for Py is symmetric around 0, Px is however shifted
to positive values. This is due to the geometry of the extraction line tunnel and the neutron spatial

(a) Momentum in x (b) Momentum in y (c) Momentum in z

Figure 8.16.: Momentum distribution of neutrons in SiD, which originate from one extraction line
side. The momentum distributions in x, y, and z are given in Figures (a), (b), and
(c) respectively.
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distribution at the exit of the tunnel. The neutrons originate in the beam dump hall around the beam
pipe axis, i.e. around (0,0) in the xy-plane. Due to the shape of the extraction tunnel, neutrons with
momenta directed in the negative x-direction are absorbed by the tunnel wall along the extraction line.
Additionally, the extraction line components shield the neutron �ux around the beam line axis, cutting
away further neutrons that are pointed in the negative x-direction. Since the beam line axis is vertically
in the center of the tunnel, which reaches from −2 m to 2 m, the y-distribution of the neutron momenta
is symmetrical around 0 MeV.
The Pz distribution reaches from 0 to 60 MeV, with more particles at higher energies. The low Pz

neutrons have missed the detector or have been absorbed in the non-active calorimeter layers and the
Pacman shielding (see Section 4.4.1).

(a) xy-view (b) zx-view

(c) zy-view

Figure 8.17.: Maps of the positions in the simulated geometry model, where the beam dump neu-
trons that have not left any hits in SiD have been absorbed. The views of the xy-
plane, zx-plane, and zy-plane are given in Figures (a), (b), and (c) respectively. The
color scale shows the number of neutron endpoint positions per 20 cm×20 cm.
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Figure 8.17 shows the positions in the xy-, zx-, and zy-plane, where neutrons that have not left hits
in the SiD detector have been absorbed. The Pacman shielding, which is located behind the endcaps
of the SiD muon system (stretching in z from about 5.8 m to 9.2 m from the IP), is clearly visible in
all three Figures 8.17 (a), (b), and (c). Here, up to 103 neutrons per unit area are absorbed in the
boronated concrete of the Pacman shielding. But also in the outermost non-active layers of the SiD
muon system a signi�cant amount of neutrons are stopped.

(a) xy-view (b) zx-view

(c) 3D-view

Figure 8.18.: Event displays created with WIRED4 of the SiD hits from ILC beam dump neutrons.
The views of the xy-plane, zx-plane, and a 3D-view are given in Figures (a), (b),
and (c) respectively.
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The spatial distributions of the neutrons, which hit the active layers of the SiD detector, are best
seen in an event display of the SiD detector. Figure 8.18 shows the WIRED4 event displays in various
views. The hits are mainly restricted to the outer layers of the muon system. Their spatial distribution
is determined by the shape of the extraction line tunnel. In Figure 8.18 (b), hits in the SiD BeamCal
are also visible.

From one ILC bunch dumped in the main beam dump, the number of hits in the SiD subdetectors
from the resulting neutrons from one of the extraction line tunnels are given in a bar chart in Figure 8.19.
As already expected from the event displays in Figure 8.18, the SiD muon endcaps get the most hits
with about 1.5× 104. About two orders of magnitude fewer hits are counted in the muon barrel and
the BeamCal. Also the LumiCal subdetector is hit about 20 times by neutrons from one beam dump.
All other inner SiD subdetectors are shielded by the outer subdetectors and the Pacman shielding, and
are not hit.
Figure 8.20 shows the time of the hits in the SiD muon system and the BeamCal with respect to the
time of their creation, which is the time of the ILC beam being dumped in the main beam dump. Due
to its high energy, the time of the beam arriving at the main beam dump can be approximated as
the time of the bunch crossing. Using this approximation, the neutrons arrive at the SiD detector up
to 100 µs after the bunch crossing. Since every bunch is separated by 554 ns (see Section 4.4.1.3), the
neutrons coincide with the next 180 ILC bunches.

Figure 8.19.: Bar chart of the number of
hits in the individual SiD sub-
detector from neutrons com-
ing from one ILC main beam
dump, after a beam bunch has
been dumped.

Figure 8.20.: Hit time distribution in the
SiD subdetectors that are hit by
neutrons coming from one ILC
main beam dump, after a beam
bunch has been dumped.

By counting the number of hits per cell in the BeamCal and the muon barrel and endcaps, the number
of dead cells is calculated for the assumed bu�er depths in the subdetectors. This was done in the same
way as described in Sections 5.3.2 and 6.2.2. A cell is called �dead�, when all its bu�ers are �lled and
no further hits can be stored. Figure 8.21 shows the fraction of dead cells as a function of the assumed
bu�er depth in the SiD muon system and the SiD BeamCal. Since the muon endcaps collect the most
neutron hits, the fraction of dead cells were calculated for up to a bu�er depth of �ve. In the muon
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barrel, however, all hit cells are hit only one time, because of which only the �rst bin is �lled in this
plot (Figure 8.21 (a)). Similarly for the BeamCal, the cells are hit up to two times.
Although these studies are done for neutrons from one ILC bunch only and the occupancy would rise
for a bunch-train-worth of neutrons accordingly, the actual number of hits in the scintillating active
layers of the muon system would depend on the scintillator material, and the noise threshold of the
readout silicon photomultipliers (SiPM).
Rather than increasing the detector occupancy, the neutron background will more importantly a�ect the
subdetectors with respect to the radiation damage it causes. From the presented Geant4 simulation, it
was calculated that the neutron �ux for the outermost layer of the muon endcaps is about 530 neutrons
m−2 s−1. For the BeamCal, the �ux is about 4 neutrons cm−2 s−1. The expected neutron �ux in the
BeamCal from secondary photons, which excite giant nuclear dipole resonances [126] and hence cause
the emission of neutrons, is considered to be 5× 1013 neutrons cm−2 yr−1 [46, p. 134], which is about
1.6× 106 neutrons cm−2 s−1. Due to this, the BeamCal will be designed to use radiation hard materials
regardless of the additional neutron �ux from the main beam dumps.

(a) SiD muon system (b) SiD BeamCal

Figure 8.21.: Fraction of dead cells in the SiD muon barrel and muon endcap (Figure (a)) and
in the SiD BeamCal (Figure (b)) in all layers combined, for neutrons originating
form one ILC beam bunch being dumped. The fraction is calculated by computing
the number of dead cells for a given bu�er depth, and normalizing the numbers by
the total number of cells in the respective subdetector.
The dashed lines indicate the bu�er depth of four for the current sensor design, and
the guideline of 10−4 for a critical acceptance limit.

8.6. Alternative beam dump design

The current ILC main beam dump designs are based on a water vessel. The previous sections have
shown that due to the high material density, the ILC beam bunches are stopped over a distance of
about 12 m. This leads to a large energy dissipation in the beam dump and its surroundings. The
resulting high dose rates from the irradiation limits the time the maintenance sta� will be allowed to
be in the proximity of the beam dumps. There are, however, other beam dump designs, which do not
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lead to restricting dose rates of the dumps surroundings.
In the following paragraphs, results from a FLUKA study are presented concerning the e�ect of using
a gaseous beam dump for the ILC beam. Such gas dumps have been studied before in the context of
the TESLA accelerator [127, 128]. A vessel �lled with noble gas requires a dump length of at least 1 km
in order to dissipate and absorb the beam energy.

8.6.1. Deposited energy and irradiation dose

In the FLUKA model of this simple gaseous beam dump, a copper vessel with a length of 1 km and
a diameter of 150 cm has been assumed. The vessel has a wall thickness of 55 cm, in order to act as
shielding simultaneously, and is �lled with nitrogen gas. Figure 8.22 shows the deposited energy and the
resulting instantaneous dose equivalent from one ILC beam bunch, which has the same characteristics
as before in Section 8.3. From the plots, it becomes apparent that the maximum deposited energy
reaches 108 GeV cm−3 as well as in the water beam dumps before (see Section 8.3.1). This is, however,
restricted to the back wall of the vessel. In the surroundings, no observable energy is deposited.
The maximum dose equivalent in the gaseous dump is smaller by over one order of magnitude compared
to the results for the water vessels (see Section 8.3.2). Again, the dose is restricted to the gas vessel. In
the direct surroundings, a dose equivalent level of about 10−4 mSv cm−3 is reached, which is a di�erence
of two to three orders of magnitude compared to the water beam dump.

8.6.2. Neutron flux

In addition, a scoring plane has been added to the FLUKA model of the gaseous beam dump in a
similar way and position as in Section 8.3.3. The aim was to score neutrons, which are created in the
vessel and are oriented in the direction of the extraction line.
In this gas vessel design, however, there is no observable �ux of neutrons that travel back towards the
interaction region.

8.7. Conclusion and outlook

This chapter has presented several studies concerning the ILC main beam dumps. The two studied
designs that were described in Section 8.2 are based on a 12 m long water vessel. Both vessel designs,
which had been developed for the currently foreseen ILC main beam dumps, contain sophisticated
vortex �ow systems for dissipating the deposited energy of the beam bunches. Additional copper plates
in the end of the vessels present enough radiation lengths to fully absorb the beam. The high material
densities, however, have been identi�ed with the presented FLUKA simulations of the dump designs
(Section 8.3) to lead to high levels of deposited energy inside and outside of the beam dump. In the
water but also in the vessel and shielding materials, radioactive nuclei are produced, which activate the
water and the surroundings. Activation studies in Section 8.3.2 have shown that the resulting dose rates
after one year of cooling time still reach up to 10 mSv s−1, which represents a large risk for maintenance
personnel and demands a restriction of their duration of stay.

Furthermore, particle �uxes have been studied in Section 8.3.3, especially the neutron �ux that
originates in the water vessel and reaches back towards the extraction line. Section 8.4 presented a
second FLUKA simulation of the neutrons traveling through the extraction line towards the interaction
region, which yielded the four-vectors of the 5.9× 106 neutrons arriving at the SiD detector.
In a full Geant4 detector simulation, the hits of the neutrons in the SiD subdetectors have been
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(a) Deposited energy (b) Instantaneous dose equivalent

(c) Deposited energy, zoom on vessel end (d) Instantaneous dose equivalent, zoom on vessel end

Figure 8.22.: FLUKA simulation results of a gaseous beam dump vessel.
Figures (a) and (c) show the deposited energy per ILC bunch in the xz-plane. The
color scale indicates the energy in GeV/cm3.
Figures (b) and (d) show the resulting dose equivalent in the xz-plane. The color
scale indicates the dose equivalent in mSv/cm3.

counted, and the arising occupancy has been shown (Section 8.5). Due to the neutron momenta and
their spatial distribution, the hits are contained within the outermost layers of the SiD muon system
and the BeamCal.

The results of the activation study but also of the neutron background study suggest to consider
a di�erent approach for the ILC main beam dumps. In an additional FLUKA simulation explained in
Section 8.6, a model of a gaseous beam dump has been studied with respect to the deposited energy,
the dose equivalent, and the arising neutron �ux. In all three matters, the gaseous beam dump design
yields results that are several orders of magnitude better than the water dump designs. The beam
energy is dissipated throughout the length of the gas dump, and is then fully absorbed at the end of
the 1 km long vessel. This leads to a spatial restriction of the irradiation to the gas volume and the
vessel back wall. In addition, no measurable neutron �ux at the entrance to the beam dump hall was
observed in the FLUKA simulation.
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8.7. Conclusion and outlook

Overall, a gaseous dump seems to be more suitable with respect to the irradiation and the radiation
safety. Due to the required length of the vessel, in order to fully dissipate and absorb the beam
power, the cost for the necessary tunnel is a clear disadvantage of this approach. For calculating the
construction cost of the ILC main linac tunnel, an estimation of 22 000e per one meter of tunnel length
has been used [129]. Using this estimation, the cost for the two required gaseous beam dump tunnels
(each is 1 km long) would be in total 44millione. Due to the ILC cost constraints, a gaseous beam
dump has not been considered as an option for the ILC. The clear advantages, however, are not to be
neglected. Even if the gaseous beam dumps are a large cost addition, they would save the expenses of
costly radiation safety measures for the water dump surroundings, such as the remote handling systems
which have been mentioned above.
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9 Chapter 9.

Results: prospects, requirements, and
limits for the International Linear Collider

Detailed studies of di�erent background sources for the International Linear Collider have been pre-
sented in Chapters 5 - 8. They cover the e+e− pair background from beam-beam interactions, the
machine background from the interaction of the beam with the beam line components, and the neutron
background from the ILC main beam dumps.

All of these background sources have been examined in extensive simulation studies using various
physics event generators and Monte Carlo simulation tools, such as GuineaPig (for Chapter 5), MU-
CARLO (for Chapter 6), BDSIM (for Chapter 7), and FLUKA (for Chapter 8). The impact on the
SiD detector from the background particles was then simulated in the Geant4 based simulation tool
SLIC, using the SiD simulation infrastructure. Additionally, the functionality of a vertical beam halo
collimator has been tested through measurements of the machine backgrounds at the Accelerator Test
Facility 2.

Overall, a broad range of background sources has been studied, which has brought insights of the
impact of the accelerator design on the background. The full detector simulations have then shown the
e�ect of the background particles on the SiD detector performance. The following sections will brie�y
recap and contextualize the results of the previous chapters.

9.1. Keeping the detector background below the critical acceptance
limit

Achieving the ILC goal of measuring particle properties and their interactions with unprecedented
precision relies on the detectors being able to exploit their state-of-the-art technologies. This in turn
depends on clean environments for the detectors. A balance has to be found between accelerator design
and detector design optimizations, in order to minimize the detector background. The SiD guideline
for an acceptable background limit is that no more than 10−4 of all cells in the individual subdetectors
shall be �lled up with background hits above the bu�er depth of the sensors. Any cell that reaches its
bu�er depth is declared a �dead� cell, as it can no longer record new hits until the bu�ers are read out.
This guideline was used throughout the chapters in order to make recommendations on acceptable
background levels from the respective background sources, based on the detailed simulation studies
that have been done for this thesis.
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9. Results: prospects, requirements, and limits for the International Linear Collider

9.2. Impact of the ILC running scheme on the background level

As Chapter 5 has shown, the pair background is dependent on certain factors, such as the ILC center-of-
mass energy, the number of bunches per train, and the beam parameters themselves. These dependen-
cies result in requirements and limits that can be formulated for the International Linear Collider. The
pair background studies done for the newly proposed beam parameters for the ILC250 stage showed the
e�ect of changes in the parameter sets on the pair background envelopes and the arising occupancy in
SiD. Three new sets ((A), (B), and (C)) had been suggested, for which the horizontal beam emittance
is reduced by a factor of two in comparison to the original baseline parameter set. For sets (B) and
(C), the beta function values had additionally been changed (as shown in Table 5.1). In the SiD vertex
detector, for which a minimal background level is crucial, the pair background occupancy for sets (B)
and (C) exceeded the critical acceptance limit in the various vertex detector layers by up to a factor
of two. In the innermost vertex detector barrel layer, set (A) exceeds this limit as well, but only by
approximately 10 %. In all other layers and SiD subdetectors, the occupancy for set (A) stays below
the critical limit. The full set of occupancy results can be found in Table 5.2. The results of this study
have already been input to the ILC design decision made for the Change Request CR-0016. Set (A)
has been chosen for the new o�cial parameter set of the ILC250 stage.
When upgrading the ILC to later stages, such as the ILC500 and the ILC500 �LumiUp�, the pair back-
ground occupancy rises, pushing the fraction of dead cells in the SiD vertex detector above the critical
limit by up to 240 %, as shown in Table 5.3.

Regarding the machine background, the ILC center-of-mass energy, as well as the beam intensity
and the beam pipe vacuum pressure have been found to a�ect the machine background level directly.
The speci�c e�ects are described below, together with suggestions on accelerator design optimizations.

Possible accelerator design optimizations to constrain the background levels As mentioned
above, design choices regarding the beam parameters a�ect the beam induced backgrounds. Studying
the e�ects on the pair background occupancies in SiD allowed to make recommendations on the design
decision, such as selecting the ILC250 beam parameter set (A) as the new o�cial parameter scheme
for the �rst ILC stage.

The machine background is dependent on the ILC accelerator conditions as well, as has been
shown in Chapters 6 and 7. The number of muons from the Beam Delivery System rises by a factor
of three when upgrading the ILC from a center-of-mass energy of 250 GeV to 500 GeV, as has been
shown in Chapter 6. For both shielding options under discussion, the fraction of dead cells for a bu�er
depth of four is reduced to below 2× 10−8 of all cells in the SiD tracker. In all other subdetectors,
the occupancies are negligible. Although the minimal shielding option for the muons was found to
be su�cient for limiting the SiD detector occupancy, the additional shielding wall serves as a tertiary
containment device, which is required due to radiation safety regulations.
The measurements of the machine background at the Accelerator Test Facility 2 (ATF2), presented
in Chapter 7, have shown that the machine background is linearly dependent on the beam intensity
and the beam pipe vacuum pressure. The vertical beam halo collimator, which has been tested at
ATF2 regarding its functionality, has proven itself to reduce the background level at the interaction
point regardless of the beam intensity or vacuum pressure conditions. The measurements taken in
the proximity of the collimator showed a background reduction of up to about 50 %, when closing the
collimator.

Chapter 8 discussed the current ILC main beam dump designs. Since they are based on a water
vessel, the beam power can be su�ciently absorbed over a short length. This, however, implies that
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9.3. Impact of the SiD design on the background level

the beam energy has to be dissipated e�ectively with the help of high-pressure water �ow vortices.
Locations of high material densities lead to a high concentration of deposited energy, and to high dose
rates due to the irradiation of the water and the surrounding materials. Even after one month of beam
time and then a cooling period of one year, the dose rate in the proximity of the beam dump reaches
about 10 mSv s−1 for one of the two proposed dump designs, which tightly restricts the duration of
stay for the maintenance personnel. The maintenance personnel would only be allowed to work in
the proximity of the beam dump vessel for up to about 30 minutes before the yearly legal dose limit
is reached. Additionally, the beam dumps represent another source of background for the detectors
at the interaction region. Neutrons from photonuclear interactions between the secondary particles of
the developing particle showers and the water molecules can be found at every solid angle, and hence
also in the backward direction towards the IP. A simulation of the neutrons traveling back through
the extraction line tunnel revealed that about 5.9× 106 neutrons arrive at the interaction region. The
hits of the neutrons that reach to the SiD detector are restricted to the outermost layers of the muon
system and the BeamCal.
A proposed solution to both of these issues is to use a gaseous beam dump instead of a water beam
dump, which would decrease the expected dose by 2-3 orders of magnitude. The gaseous dumps do
not create a neutron background for the detectors. The clear disadvantage of these dumps is, however,
their sheer length required for fully dissipating the ILC beam power. For two 1 km long dump vessels,
the construction cost for the dump tunnels was roughly estimated to be about 44millione. The ILC
cost constraint needs to be weighed up against the expenses that would be saved for the high radiation
safety measures needed for the water dump designs.

9.3. Impact of the SiD design on the background level

When all possible optimizations of the accelerator design have been made, the detectors have to consider
the background levels in their geometric design as well as in their readout architecture. Chapter 5
compared di�erent SiD geometry variants with respect to their impact on the detector occupancy from
the pair background, and discusses the e�ect of applying time gates. The detectors can therefore
in�uence the background levels themselves through various means.

Possible SiD design optimizations to constrain the background levels The detector speci�c
anti-DiD �eld, for example, sweeps the pair background particles through the outgoing beam pipe, and
therefore reduces the number of pairs hitting the SiD BeamCal. This in turn also reduces the overall
pair background occupancy in the inner subdetectors by up to 30 %, as described in Figure 5.12.

In addition, the detectors have their own shielding device, Pacman, which is installed on the outside
of the muon system. The detector simulation of the beam dump neutrons arriving at the SiD detector,
which has been discussed in Chapter 8, has proven that Pacman shields the incoming neutrons from
hitting the inner subdetectors e�ectively. A proposal made in Chapter 6 suggests to magnetize Pacman
in order to e�ectively shield also the muons coming from the Beam Delivery System.

Studies of the timing of the individual background sources have shown that time gates can reduce
the detector occupancy signi�cantly. In Chapter 5, the direct e�ect of applying a time gate to the
SiD vertex detector has been discussed. The number of hits from the pair background can be reduced
by 12 %, when rejecting all hits later than 10 ns after the bunch crossing. This leads to a decrease in
the vertex barrel occupancy such that the occupancy for a bu�er depth of four is below the critical
acceptance limit for the ILC stages at 250 GeV and 500 GeV. Even when upgrading the ILC to the
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9. Results: prospects, requirements, and limits for the International Linear Collider

ILC500 �LumiUp� stage, the occupancy is only 150 % of the critical occupancy (compared to 240 %
without time gates). Already increasing the bu�er depth by two would bring the occupancy below the
critical limit in this ILC stage as well. This would have the e�ect that the detector performance in all
SiD subdetectors will be comparable throughout all studied ILC stages.
Apart from that, also the hit time distribution of the muons from the Beam Delivery System show
distinct ranges for the individual SiD subdetectors, as shown in Chapter 6.

With a complete study encompassing all background sources, individual time gates could be applied
to the di�erent SiD subdetectors in order to e�ectively attenuate the background occupancy. All in
all, the detectors have the potential to optimize their designs with respect to reducing the background
levels further.
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10 Chapter 10.

Conclusion

The International Linear Collider will be a linear e+e− collider at the precision frontier, and therefore
complementary to the LHC. The physics goals of the di�erent ILC stages include measurements of the
properties and the interactions of the Higgs boson and the top quark, as well as dark matter and BSM
searches. The aim for these measurements is to have unprecedented precisions. Examples have been
given in Section 4.1, showing order of magnitude increases in precision at the ILC in comparison to the
LHC. In order to achieve such levels of precision, a balance has to be found between accelerator design
and detector design optimizations with respect to minimizing the detector background.

This thesis has motivated the need for detailed background studies for the ILC. To this end,
Chapter 5 describes the beam induced e+e− pair background and its dependencies on ILC running
schemes. Looking at di�erent beam parameter sets and ILC stages, the pair background was found to
be a signi�cant background source, which needs to be con�ned by both ILC and detector optimiza-
tions. Failing to do so would mean that the pair background occupancy would negatively a�ect the
performance of the vertex detector and the aimed-for precision measurements.

In extensive simulations, further background sources have been studied as well. Proposed shielding
options to prevent the muon machine background from the Beam Delivery System from reaching the
detectors are discussed in Chapter 6. Although even the minimal shielding option shields the muons
successfully from the detectors, the additional shielding wall serves as a tertiary containment device,
which is required due to radiation safety regulations.

Direct measurements of machine background levels at the Accelerator Test Facility 2 have been
taken for di�erent machine conditions, in order to validate the functionality of a beam halo collimator
for the ILC. This has been done successfully, and all details on the measurements and according Monte
Carlo simulation studies are presented in Chapter 7.

Finally, Chapter 8 analyzes the ILC main beam dumps, which are based on water vessels. Dumping
the ILC beam causes a high radiation dose of the surroundings, restricting the duration of stay severely
for the maintenance personnel. Additionally, it creates neutrons traveling back to the interaction region,
a�ecting the outer subdetectors of the detector experiments with respect to the detector occupancy
and causing radiation damage. As an alternative approach, gaseous beam dumps have been suggested,
which show results that are orders of magnitude better.

In the process of these analyses, the impact on the SiD detector has been investigated. By applying
the SiD guideline for an acceptable background limit, the occupancies in the detector have been studied,
and recommendations have been made accordingly with respect to limiting the background levels below
the critical acceptance limit. These recommendations have also been tested and have been found to
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10. Conclusion

be successful. The results of the presented studies and the given recommendations are summarized
in Chapter 9. They are a valuable input to design decisions, and design changes based on the given
recommendations to both the ILC and SiD have already been made or are currently under consideration.

Although all of the presented studies are done for the SiD detector only, the generated simulation
data have been made available to the ILC community. With a detailed understanding of the various
background sources, the detector background levels can be reduced even further due to re�ned opti-
mizations of the accelerator and the detectors. This will enable the ILC and its experiments to achieve
their goals of unprecedented precision measurements.
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A Appendix A.

Pair background

This appendix gives additional details on the simulation study of the pair background induced by
beam-beam interactions, described in Chapter 5.

A.1. GuineaPig event generation

The parameters used as input for GuineaPig are given in this section. For detailed explanations of the
GuineaPig parameters, refer to the GuineaPig manual [130].
The parameters are provided in a �le called �acc.dat�. Its content must have a certain format, for which
an example showing the nominal parameters used for the ILC500 stage is following:

$ACCELERATOR:: ILC-500GeV

{energy=250.0; particles=2.0; beta_x=11.0; beta_y=0.48;

emitt_x=10.0; emitt_y=0.035; sigma_z=300.0; f_rep=5.0; n_b=1312;

charge_sign=-1; scale_step=1.0; waist_y=250;

espread.1=0.00124; espread.2=0.0007; which_espread=3;}

$PARAMETERS:: par_pairs

{n_z=12; n_t=6; n_m=80000; cut_z=3.5*sigma_z.1; n_x=256; n_y=256;

cut_x=4*sigma_x.1; cut_y=4*sigma_y.1; pair_ecut=1e-3; pair_q2=2;

beam_size=1; grids=7; store_beam=1; do_pairs=1; track_pairs=1;

store_pairs=1; do_photons=1; store_photons=1; do_hadrons=1;

do_jets=1; do_coherent=1; electron_ratio=1; photon_ratio=1;

do_eloss=1; do_espread=1; rndm_seed=1; rndm_load=0; rndm_save=0;}

For the ILC250 stage, the parameters are exchanged with according the beam parameter values taken
from Table 4.1.
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A. Pair background

A.2. SiD occupancy for the ILC250 parameter sets

A.2.1. Pair background occupancy in the SiD vertex detector

Figures A.1 and A.2 show the pair background occupancy in the individual layers of the SiD vertex
detector barrel and endcaps respectively. The full study is explained in Section 5.3.
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Figure A.1.: ILC250 pair background occupancy in all SiD vertex detector barrel layers, after a
full bunch train (1312 bunch crossings). The left hand �gures show the occupancy
in the individual vertex detector layer, normalized by the total number of cells of the
corresponding layer. The right hand �gures show the fraction of the dead cells in the
individual vertex detector layer, with respect to the total number of cells.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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Figure A.1.: ILC250 pair background occupancy in all SiD vertex detector barrel layers, after a
full bunch train (1312 bunch crossings). The left hand �gures show the occupancy
in the individual vertex detector layer, normalized by the total number of cells of the
corresponding layer. The right hand �gures show the fraction of the dead cells in the
individual vertex detector layer, with respect to the total number of cells.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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Figure A.2.: ILC250 pair background occupancy in all SiD vertex detector endcap layers, after a
full bunch train (1312 bunch crossings). The left hand �gures show the occupancy
in the individual vertex detector layer, normalized by the total number of cells of the
corresponding layer. The right hand �gures show the fraction of the dead cells in the
individual vertex detector layer, with respect to the total number of cells.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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Figure A.2.: ILC250 pair background occupancy in all SiD vertex detector endcap layers, after a
full bunch train (1312 bunch crossings). The left hand �gures show the occupancy
in the individual vertex detector layer, normalized by the total number of cells of the
corresponding layer. The right hand �gures show the fraction of the dead cells in the
individual vertex detector layer, with respect to the total number of cells.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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A. Pair background

A.2.2. Pair background occupancy in further SiD subdetectors
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(b) SiD HCAL barrel

Figure A.3.: ILC250 pair background occupancy in the SiD calorimeter barrels after a full bunch
train (1312 bunch crossings). The �gures show the fraction of the dead cells in the
individual subdetectors for all layers combined, with respect to the total number of
cells in this subdetector.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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B Appendix B.

Muon background from the Beam Delivery
System

Figure B.1 shows occupancy plots belonging to the study of the muons from the Beam Delivery System
(BDS) presented in Chapter 6.

(a) SiD Tracker barrel (b) SiD ECAL barrel

Figure B.1.: BDS muon background occupancy in the SiD subdetectors after a full bunch train
(1312 bunch crossings). The plots show the fraction of dead cells with respect to the
total number of cells in the respective SiD subdetector.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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B. Muon background from the Beam Delivery System

(c) SiD ECAL endcap (d) SiD HCAL endcap

(e) SiD Muon system barrel (f) SiD Muon system endcap

(g) SiD BeamCal (h) SiD LumiCal

Figure B.1.: BDS muon background occupancy in the SiD subdetectors after a full bunch train
(1312 bunch crossings). The plots show the fraction of dead cells with respect to the
total number of cells in the respective SiD subdetector.
The dashed lines indicate the the bu�er depth of four for the current sensor design,
and the guideline of 10−4 for a critical acceptance limit.
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C Appendix C.

Background from the main beam dumps

Figures C.1 and C.2 show the dose rate for the ILC main beam dump designs after certain cooling
times. The full study is explained in Chapter 8.

(a) Design 1, 1 minute (b) Design 1, 1 hour

Figure C.1.: FLUKA result of the dose rate in the ILC beam dump Design 1 and their surround-
ing after one month of beam operation and certain cooling times. The cooling times
are given in the captions of the individual sub�gures. The view is in the xz-plane of
the beam dump surrounding including the shielding walls. The color scale shows the
dose rate in mSv s−1.
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C. Background from the main beam dumps

(c) Design 1, 1 day (d) Design 1, 1 month

(e) Design 1, 1 year

Figure C.1.: FLUKA result of the dose rate in the ILC beam dump Design 1 and their surround-
ing after one month of beam operation and certain cooling times. The cooling times
are given in the captions of the individual sub�gures. The view is in the xz-plane of
the beam dump surrounding including the shielding walls. The color scale shows the
dose rate in mSv s−1.
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(a) Design 2, 1 minute (b) Design 2, 1 hour

(c) Design 2, 1 day

Figure C.2.: FLUKA result of the dose rate in the ILC beam dump Design 2 and their surround-
ing after one month of beam operation and certain cooling times. The cooling times
are given in the captions of the individual sub�gures. The view is in the xz-plane of
the beam dump surrounding including the shielding walls. The color scale shows the
dose rate in mSv s−1.
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C. Background from the main beam dumps

(d) Design 2, 1 month (e) Design 2, 1 year

Figure C.2.: FLUKA result of the dose rate in the ILC beam dump Design 2 and their surround-
ing after one month of beam operation and certain cooling times. The cooling times
are given in the captions of the individual sub�gures. The view is in the xz-plane of
the beam dump surrounding including the shielding walls. The color scale shows the
dose rate in mSv s−1.
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