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Abstract
With the High Luminosity LHC upgrade planned to be completed in 2030, preparations
at the ATLAS experiment of both software and hardware upgrades are being done. The
most significant upgrade is the new inner tracking detector (ITk) which will greatly im-
prove the precision of the physics analysis.

This thesis is about the modelling of material in the Crack Barrel Region, one of the
last missing parts in the geometry model of the ITk. The model is implemented with
GeoModelXML and is based on two technical CAD models which contain the geometry
of the Crack Barrel Region in different complexity. As a replacement for the currently
used model which is outdated, the implementation of the model shown in this thesis will
be used in the Geant4 based physics simulation of the ATLAS experiment. Simulated
events of the ATLAS experiment including updated geometry are essential for comparison
with experimental data collected in Run 4 of the LHC to test the theoretical predictions
of the Standard Model and to search for new physics.
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1. Introduction

Human interest in new discoveries is a constant driving force of mankind. It is this cu-
riosity that sparked not only the search for existence outside of our planet but also the
longing to understand the most basic building blocks of the matter that forms everything
surrounding us. The first steps were taken by Democritus in 400 B.C. who first postu-
lated that there needs to be a smallest, indivisible kind of matter that serves as a building
block for more complex structures. In the 19th century the scientific description of such
particles started to take shape with the first description of atoms which at that time were
the smallest building blocks known to man.

The discovery of subatomic particles in the second half of the 20th century however gave
rise to an even deeper understanding of matter, which is described today by the Stan-
dard Model of Particle Physics (SM) [1–7]. This model provides the most fundamental
description of the world around us as of today. Many experiments are consistent with the
predictions of the SM but there is also strong experimental evidence that the SM is not
a complete theory of nature. Thus, there are new theories emerging that include Beyond
Standard Model Physics (BSM) [8, 9].

In order to test any model, the first question to be asked is "What do we expect to
happen?" which is then followed by the experiment which gives an answer to the question
"What do we observe?". It is the difference of the answers to these questions that is most
important to fundamental research as it drives the process of iterating over model correc-
tion and comparison with the experiment. The first question proves to be very difficult to
answer because the prediction concentrates on the experiment, not theoretical processes
and because of that the experimental setup has to be considered. Experiments in particle
physics however are very complicated, which motivates the need of computer simulations
in order to correctly interpret experimental measurements based on the current physics
theory.

This thesis deals with the challenge of modelling components of the ATLAS detector
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1. Introduction

located at CERN in Geneva [10, 11]. More specifically, the new Inner Tracker (ITk) that
will be the new tracking detector of the experiment, is of interest in this thesis [12]. These
modelled components are then supplied to the simulation as an improvement of the cur-
rent description that is used in the simulation for the ATLAS experiment. The structure
of this thesis is as follows. Chapter 2 gives an overview of the SM as well as the modelling
and simulation of particle physics experiments. Chapter 3 deals with the experimental
setup at the Large Hadron Collider (LHC) at CERN as well as the ATLAS experiment
which forms the basis of this work. The upgrade of the LHC [13] is also discussed here
as it provides motivation for the new model as well as the upgrade of the ATLAS experi-
ment. In Chapter 4, the details in the Crack Barrel Region (CBR) of the ITk and their
implementation are discussed. Chapter 5 then gives a visual comparison of the created
model with the provided technical CAD model. Chapter 6 gives a conclusion as well as
an outlook over which improvements can be made and what the next steps are.

2



2. Theoretical Background

In order to correctly describe the ITk Crack Barrel Region, the physical processes that are
the basis of the interaction of high energy particles with detector material first need to be
understood. This chapter provides the necessary theoretical background to understand
the necessity of simulations in particle physics, as well as the considerations that need to
be taken into account before a detector model can be implemented. For the description of
material interactions inside the detector it is necessary to first know all of the fundamental
particles and interactions described by the SM, to then highlight specific interactions that
are important for the correct implementation of a detector model.

2.1. The Standard Model of Particle Physics

The Standard Model of particle physics [1–7] has evolved to become the most detailed
and established theory of nature for fundamental particles and interactions. Experimental
tests and theoretical research are performed worldwide and make it the most trusted
theory that humanity has come up with for the description of fundamental physics. Even
though it is not a complete description of nature, it is the best there currently is, and
therefore forms the basis of current research in particle physics.

The fundamental particles

The Standard Model of Particle Physics (SM) contains all known fundamental particles
and interactions except gravity as well as their interactions [1–7]. It comprises twelve fun-
damental particles and their corresponding antiparticles as well as four exchange bosons
that mediate interactions between different particles. In addition to that there is also
the Higgs boson which interacts with the particles through the Higgs mechanism. These
particles are shown in Fig. 2.1.

The fundamental particles consist of two groups of six fermions - the quarks and the
leptons. These differ in the interactions they take part in and in the charges they possess.
They further contain three generations of particles which form pairs that have interesting
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2. Theoretical Background

symmetries in their properties. Fermions all have a spin of S = 1
2 and each is identified

with a distinct rest mass. The generations of fermions can be seen in Fig.2.1.

Starting with the leptons, the first generation is made up of the negatively charged elec-
tron and a neutral electron neutrino. They differ not only in their electric charge but also
in their masses, as the electron mass is me ≈ 0.511 MeV [14] whereas the electron neutrino
mass is mνe < 1 eV [14]. These differences are very useful when trying to distinguish the
particles in the detector. In the case of the neutrino, the combination of not possessing
charge and also only interacting weakly with matter makes it very difficult to detect.

The second generation leptons are called muon and muon neutrino, and only differ
from their first generation counterparts in terms of mass with the muon mass being
mµ ≈ 105.66 MeV [14]. For the muon neutrino the mass is mνµ < 0.17 MeV [14]. The
larger mass of the muon causes it to decay rapidly into the stable electrons.

Tau leptons have a mass of mτ ≈ 1.78 GeV [14] and the tau neutrino possesses a mass of
mντ < 18.2 MeV [14]. The third and final generation of leptons is even more difficult to
identify as the tau leptons decay into various final states.

For the quarks, the grouping into generations pairs one up type-quark with a down-
type quark as visualised in Fig.2.1. The up-type quarks consist of the up (u), charm
(c) and the top (t) quark, and each type carries an electric charge of Qu = +2

3e. For
each of these three generations of up-type quarks, there is down-type quark which are
the down (d), strange (s) and bottom (b) quark, respectively. These carry an electric
charge of Qu = −1

3e. In addition to the electric charge, the quarks also possess a colour
charge which can be either red, green or blue. This special charge corresponds to the
strong interaction that is exclusively relevant for the quarks and the mediating bosons of
the interaction, which are the gluons. The differences in mass that are manifest in the
lepton generations hold for quarks as well. In general, lifetimes for higher generations
become shorter due to their larger masses. The top quark mass of mt ≈ 172.57 GeV [14]
is two orders of magnitude larger than the bottom quarks mass of mb ≈ 4.18 GeV [14].
Additionally the decay of quarks into quarks that do not belong to the same generation
is suppressed as shown in the quark mixing theory [16]. For this reason, the lifetime of
the bottom quark is magnitudes larger than the lifetime of all of the other quarks, which
can be used to distinguish it from other quarks.
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2.1. The Standard Model of Particle Physics

Figure 2.1.: The Standard Model of particle physics with the six quarks in purple, the
six leptons in green and the gauge bosons in orange. The scalar Higgs
boson is shown in yellow. Every particle is indexed on the top left with its
massm, electric chargeQ and spin S [15].

All of the particles mentioned above have a corresponding antiparticle that is identical to

the normal particle but carries the opposite charges.

The fundamental interactions

Interactions of particles are responsible for complex structures that make up the world

that we observe. The three fundamental interactions that are described by the SM are

electromagnetic interactions, strong interactions and weak interactions. These interac-

tions all have an underlying quantum �eld theory that describes the quantum mechanical

processes involved. These theories are called Quantum Electrodynamics (QED) for the

electromagnetic interaction and Quantum Chromodynamics (QCD) for the strong interac-

tion. The weak interactions are described together with the electromagnetic interactions

in a uni�ed electroweak theory.
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2. Theoretical Background

The electromagnetic interaction is mediated by a gauge boson that is called the pho-

ton 
 , with spin S = 1. This photon couples to the electric charge of particles Q, and

therefore all fundamental particles with an electric charge can interact electromagnetically

[3]. The photon is not charged at all and therefore not able to interact with other photons

at leading order. Photons are also massless and therefore able to mediate force regardless

of the total energy of the initial and �nal state particles as long as energy is conserved

between these states.

Weak interactions are mediated by theW � and the Z0 vector bosons that carry their

electric charges of� 1 and 0 respectively. At high energy scales of� 246 GeVthe electro-

magnetic interaction and weak interaction are combined in what is known as electroweak

uni�cation [1, 2]. The bosons couple to all charged particles, with theZ0 boson being able

to couple to neutrinos too. TheW mass ismW � 80:376(33) GeV[14] and theZ0 mass is

mZ � 91:1876(21) GeV[14] which is especially important for interactions that take place

at this energy scale.

Gluons mediate the strong interaction. There are eight gluons in total and they dif-

fer in their colour charges. Gluons couple to the colour charges of quarks [7]. Because the

gluons carry the charge of their interaction themselves, they interact with other gluons.

Furthermore they carry a colour and an anticolour and are therefore bound by colour

con�nement, like the quarks. Colour con�nement states that free particles can only exist

with neutralized colour [17]. This leads to the formation of bound quark states with either

all three colours that are called baryons or all anticolours that are called antibaryons. The

other possible bound states are mesons that are made up out of two quarks with colour

and corresponding anticolour [7]. High energy quarks and gluons that are created in an

interaction hadronize in jets of particles to form the bound states explained above.

The Higgs boson is a scalar boson with spinS = 0 [5, 6]. It is an excitation of the Higgs

�eld which has a vacuum expectation value of� 246 GeV. Through the Higgs mecha-

nism, this Higgs �eld couples to all particles with a coupling strength proportional to the

particles mass. In addition to this the Higgs boson carries a mass ofmH � 125:11 GeV

[18], and it can self-couple to other Higgs bosons.

All of the aforementioned interactions can be visualised by Feynman diagrams which

represent di�erent interactions and particles with di�erent lines. Feynman diagram ex-
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2.2. Particle interactions with matter

Figure 2.2.: Feynman diagrams for the interaction vertices of the three fundamental
forces and their gauge bosons. [19]

amples for the three fundamental interactions are shown in Figure 2.2.

2.2. Particle interactions with matter

The design of particle physics experiments needs to take into account how particles inter-

act with matter. These interactions play a crucial role in how a particle physics detector

is created, both for the active material that is used to detect these interactions, as well

as the passive material of support structures and services. As explained in Section 2.1,

di�erent particles interact di�erently with matter and not all interactions are relevant for

every particle. Electromagnetic interactions are relevant for all electrically charged parti-

cles whereas strong interactions can only occur between particles that carry colour charge

such as quarks and gluons. These interactions are characterised by a material dependent

mean free path� [20]

� =
1

N � �
(2.1)

which describes the statistical travel length of a particle in the material until an interac-

tion with the material occurs. N describes the atomic density and� describes the cross

section of the relevant interaction process. The cross section for material interactions is

generally a function of the atomic numberZ , the mass numberA and the energyE of the

incoming particle. Further calculations depend heavily on the interactions and particles

involved [20].

When characterizing material interactions, it is important to distinguish between the

interactions of photons and the interactions of charged particles. Photons can cause
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2. Theoretical Background

electron-positron pair production inside an electric �eld of a nucleus which leads to more

particles that interact further with the material. Pair production is the dominant process

in which photons interact with matter above energies of the MeV scale, which is the case

inside the ATLAS experiment. In this process, the cross section� scales approximately

with Z 2, which implies that much more pair production occurs in materials with higher

atomic numbers. It is also possible for the photon to release only a part of its energy and

be scattered in a process called Compton scattering, where� scales only withZ . Compton

scattering however is less dominant at higher energies of MeV and above. The last rele-

vant photon interaction with matter is the photoelectric e�ect. This e�ect describes the

release of loosely bound electrons in the atomic outer shells by collision with an incoming

photon. This is also less dominant than the pair production at higher energies, but can

cause permanent damage in both active materials and electrical signal transmission.

The Bethe-Bloch function describes the interaction and energy loss of all charged particles

more massive than the electron, but it does not give accurate predictions for electrons

because they cannot be distinguished from the valence electrons after the collision. An-

other reason for the failure of the Bethe-Bloch function to predict electron energy loss in

matter is the fact that electrons lose energy in matter dominantly through the e�ect of

Bremsstrahlung which the Bethe-Bloch function does not cover. Bremsstrahlung is the

process of electrons de�ecting in the positive electric �eld of a nucleus and emitting a

photon. This is not possible in the absence of matter because the nucleus is needed to

catch the recoil of the electron de�ection or else momentum conservation would not be

ful�lled.

For heavier charged particles, the energy loss is described by the Bethe-Bloch function

which includes many small corrections and e�ects that describe interactions with the

charged �elds of nuclei in matter. It is described as

�
dE
dx

=
4�nZ 2

mec2� 2

 
e2

4�� 0

! 2 "

ln

 
2mec2� 2

I (1 � � 2)

!

� � 2

#

(2.2)

with n being the electron density of the material,Z the charge of the incoming par-
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2.2. Particle interactions with matter

ticle in units of e and me being the electron mass. Furthermorec is describing the speed

of light in vacuum, � is the relativistic speed of the incoming particle, and� 0 is the elec-

tric �eld constant. I is a material speci�c constant that increases linearly with increasing

atomic number. TheZ-dependence is of second order which shows that a higher charge

of the incoming particle translates into a greater energy loss in the medium. Additionally

the energy loss has a minimum at the range of�
 = 3 to 4 which de�nes the minimal

ionizing particles (MIPs) and is only loosely dependent on the material. This results for

example in the case of muons penetrating copper in Fig. 2.3.

Figure 2.3.: The Bethe-Bloch curve for muons traversing copper as for example in
the scintillators of the ECAL. The Bethe-Bloch curve looks similar for
all charged particles heavier than the electron. [21]

The interactions included in the Bethe-Bloch function are those of highly energetic charged

particles that collide with valence electrons of atoms in the material. This leads to the

electrons either being ejected from the outer shells of the atom which is called ionization

or the electron gaining energy and remaining bound to the atom in an excited state. Both

processes are inelastic scatterings that lead to energy loss and change of the direction of

�ight of the incoming particle. In the tracking detector, this enables the recreation of

particle tracks because the particle does not get stopped by the material detecting it.

Additionally to singular interactions, the e�ect of multiple scattering has to be taken

into account. Multiple scattering describes the above mentioned particle interactions sta-
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2. Theoretical Background

tistically for a given distance traversed in the medium because singular interactions with

the material only describe insigni�cant energy depositions in the material. This e�ect

leads to charged particles changing their direction of movement as well as reducing their

energy for a given distance. Many interactions are needed to make a signi�cant impact

on the traversing particles speed and direction.

2.3. Simulation in Particle Physics

Geant4 based Simulation

The simulations of particle physics experiments are performed with Geant4, a software

toolkit developed and maintained by the international Geant4 collaboration [22]. Geant4

is an object oriented C++ based toolkit for Monte Carlo simulation which is tuned to

be as fast as possible. Monte Carlo simulation describes the process of random testing

to obtain a statistical overview over a complex problem [22]. Simulated events can be

analyzed on multiple di�erent physical properties such as trajectories and interactions of

the involved particles. The basis of the simulation is given by geometry modelled with

GeoModelXML [23] which is described in the next section. This is the part that I have

worked on. The simulation of interactions of particles with the material is based on the

physical predictions of the SM and simulated data is generated as close to the experimental

conditions as possible. For this reason, the geometry de�ned with GeoModelXML has to

be as realistic as possible, both in the exact position and volume as well as the material

composition of the detector. This leads to an optimization between having the model be

precise enough to generate a simulation that is su�ciently in agreement with true data

while keeping the model as simple as possible.

GeoModelXML based Modelling

GeoModelXML is an XML based toolkit that was designed at CERN to describe detector

geometry for simulation [23]. The geometry is implemented inside XML �les and is based

on prede�ned objects that are characterised by the necessary parameters. A shape is the

most basic object and can be one of many prede�ned ones such as boxes, tubes or cones.

An alternative for more complex shapes is a boolean solid comprised of many such shapes.

The boolean solid can be either a subtraction, intersection or union of shapes for which

examples are shown in Fig. 2.4 and 2.5. A subtraction takes two shapes and subtracts

the second from the �rst in the volume of intersection of the two shapes. The intersection

of two shapes gives the intersecting volume of two shapes. Lastly the union of two shapes
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2.3. Simulation in Particle Physics

yields the combined volume of two shapes, including the intersection. Although boolean

solids seem to be the preferred choice of implementation because they o�er in�nite pos-

sibilities, they are not. A shape constructed out of a boolean solid in GeoModelXML

leads to a higher processing power needed in the simulation compared to a similar shape

constructed without the use of boolean solids. Boolean solids should therefore be avoided

as much as possible. It is important to note that these shapes are not physical objects

yet because this requires material de�nition.

Figure 2.4.: An example of a union of two shapes to form a boolean solid is shown.
The two shapes are a box and a tube. Together as a union, they form a
singular coherent volume with no overlapping parts.

Shapes then are referenced in the creation of logical volumes (logvol) that need a shape

and a material, as well as a name to reference them. These logvols are now objects that

can interact and as such show up in the model they are implemented in. De�ned logvols

can now be copied and moved inside the space where they serve as their real experiment

counterpart. It is important to note that all logvols have a �ag that marks them as ei-

ther sensitive or not sensitive. This �ag �lters out all logvols that need their material

interactions converted into simulated data which correspond to active materials in the

real experiment, for example the silicon layer of pixels or strips. Non-sensitive materials

are structural components, as well as cables and pipes. All of the volumes covered in the

CBR will be �agged as non-sensitive. To better organize these logvols, assemblies are

used to combine them into groups that can be referenced and copied as one object. These
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Figure 2.5.: Two examples of boolean solids are shown. On the left there is a subtraction
of a box with a tube, leaving a hollowed out box with a smaller tube in the
middle. On the right there is an intersection of the same box and tube,
leaving only the volume that is present in both the box and the tube.

assemblies do not need a prede�ned shape as part of their de�nition and also do not take

part in the simulation as they do not have any material themselves. It is also possible

to collect multiple logvols into a single logvol containing the daughter volumes without

overlap. Creating more layers than necessary for structuring is to be avoided, because

the more branches of the tree of assemblies and logvols the simulation interpreter needs

to search for actual geometry, the longer it takes for the simulation to run.

In order to visualize the implemented geometry, GeoModelXML comes with a tool called

GeoModelVisualisation (gmex). An example of the interface is given in Fig. A.1. The vi-

sualisation comes with a lot of tools that include individual visualisation of sub volumina,

local and global coordinate systems as well as detailed material information and colour

coding options. The model can be rotated freely and the transparency of di�erent parts

can be adjusted as well.

Another useful tool provided with the GeoModelXML toolkit is called GeoModelClash

(gmclash) which serves the purpose of checking the implemented geometry for overlapping

volumes. These would be non-physical and are suboptimal for the simulation. For this

reason gmclash is an essential tool to check that the implemented model is valid. Clash

checks are done with random samples of two volumes and if a clash is found, the search

for these two volumes is aborted. The output of this tool comes in form of a .json �le
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which describes the clashed volumes with their names and relation as well as the position

of the clash. These �les can also be read into gmex which can display clash points over

the corresponding geometry which makes troubleshooting a lot easier. The relation of

the clash is important for characterization of the underlying errors in implementation and

are therefore colour coded di�erently. An example of such a clash would be two boxes

overlapping with a clash in the overlap area. The output �le of gmclash checking this

geometry lists a clash as an overlap of the boxes with position, involved volumes and that

the volumes were on the same level of the geometry tree (named a sister-sister clash).

This output �le can be read into the visualisation to show the clashes inside the model

as shown in Fig. 2.6.

Figure 2.6.: An example of two boxes with a clear overlap in the middle is shown.
The output of gmclash is visualised as a red point. The description in the
output �le links the point to the two volumes.

GeoModelStatistics (gmstatistics) is another tool that was used for the implementations

done in this thesis. This tool serves as a check on the memory occupancy of the given

geometry which is correlated with the performance of the simulation its used in as loading

more data consequently leads to longer simulation times. Using this tool yields a precise

estimate of the quality of implementation, especially if compared to similar geometries

and di�erent implementations of the same geometry.
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CERN

The ATLAS experiment [11] at CERN [10] is the basis for the work discussed in this thesis.

The goal is to implement a GeoModelXML based model of the Crack Barrel Region. Since

the Crack Barrel Region is part of the new tracking detector of the ATLAS experiment,

it is important to understand the experimental setup at CERN as well as the ATLAS

experiment. The next chapter will give an overview of the experimental possibilities and

restrictions of the ATLAS experiment at CERN as well as the upgrades of the HL-LHC

[13] and the new Inner Tracker (ITk) [12].

3.1. The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest particle accelerator in the world, pro-

ducing an instantaneous luminosity ofL= 1034 cm� 2s� 1 [10] with a centre-of-mass energy

of
p

s = 13:6 TeV [10]. This is achieved by accelerating proton bunches in �ve di�erent

stages to then collide them inside one of the four stationed experiments ATLAS, CMS,

LHCb or ALICE. These facilities are located at CERN in Geneva, Switzerland.

As shown in Fig.3.1, the �rst step of producing high energy protons in this facility is

acceleratingH � ions in the linear accelerator (LINAC 4) to an energy of about160 MeV

[25]. These ions are converted to protons by removing the two electrons. Further injection

into the Proton Synchrotron Booster (PSB) leaves the protons with an energy of2 GeV.

This serves as a booster for the Proton Synchrotron (PS) that ejects the protons with

26 GeV into the Super Proton Synchrotron (SPS) which accelerates them to450 GeV.

After this step the protons enter the LHC in opposing directions to be accelerated further

on the 27 km long track to their �nal centre-of-mass energy of
p

s = 13:6 TeV [25]. The

acceleration steps are performed on bunches of about1011 protons for higher luminosities

and easier acceleration [25]. These bunches of opposite rotation in the LHC collide in one

of the experiments and the collisions then can be analyzed via electronic readout.
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3. The ATLAS Experiment at CERN

Figure 3.1.: Schematic of the CERN accelerator system with the LINAC, PSB, PS, SPS
and �nally the LHC accelerator [24].

3.2. The ATLAS Experiment

The ATLAS detector is one of the two all-purpose experiments at the LHC at CERN,

the other being CMS [26]. As the largest of the detectors, it is25 m in height and 44 m

in length with a weight of approximately 7000 tonnes. The entire system is forward-

backward symmetric and consists of multiple subsystems that all serve speci�c purposes

[11]. The visualisation in Fig.3.2 shows the di�erent subsystems and their distribution

into the barrel parts and the end caps.

Starting with the innermost segment, the Inner Detector (ID) consists of a four layer pixel

detector, the semiconductor tracker (SCT) and the transition radiation tracker (TRT).

The pixel detector layers are positioned so that they completely cover all possible paths

of a particle up to a pseudorapidity ofj� j � 2:5 [11]. This pseudorapidity gives a measure
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3.2. The ATLAS Experiment

Figure 3.2.: A schematic of the ATLAS detector system with all important subsystems.
[11]

of the longitudinal coverage angle and is de�ned as

� = � ln

 

tan
�
2

!

(3.1)

with � being the polar angle along the beam pipe. These pixels have a size of50 � 400� m

[11] and for the innermost layer50 � 250� m [11], because this close to the interaction

point the highest granularity is needed in order to get the best resolution of the ongoing

processes. In order to cover the above mentioned region of the detector, around 90 million

pixels are needed which makes up 90 percent of the total readout channels of the ATLAS

detector.

Surrounding the pixel system is the SCT which is made up of four layers of double-

faced microstrips. These around 4000 strips of silicon are combined as pairs at a stereo

angle of 2:3� for allowing a 2D measurement and minimising ghost hits that occur if

strips are read out simultaneously with more than one combination of possible positions.

The strip pitch is 80 � m, and the set has a total of about six million readout channels [11].

The TRT forms the last layer of the ID and is by far the largest in size. While everything

up to the SCT takes up a radius of55 cmthe TRT extends the size of the ID to108 cm
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