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Abstract

Particle accelerators and detectors have been the principal tools to investigate nature
at the smallest scale for more than 50 years. The Large Hadron Collider (LHC) at the
European Organization for Nuclear Research (CERN) in Geneva is scheduled to end
its operation after the high-luminosity upgrade program HL-LHC concludes around
2040. An effort to create experiments that can succeed the LHC in pushing the high-
energy frontier resulted in the launch of the Future Circular Collider design study in
2014. This design study explores the opportunities a 100 km circumference tunnel in
the Geneva area would offer. Such a tunnel could be used for another hadron collider,
called FCC-hh, reaching a maximum center-of-mass collision energy of 1/s = 100 TeV.
This increase, which offers great discovery potential for new phyics, is possible due
to the increased tunnel circumference and a research and development program that
will result in 16 T magnets. Complimentary uses for the tunnel include an electron-
positron collider (FCC-ee) and an electron-proton collider (FCC-eh), that can probe
new physics via precision measurements.

FCC-hh reaches the statistics required for many of the searches for new physics at
the cost of an increase in simultaneous collisions per bunch crossing (pile-up), which
will average at about 1000, a five-fold increase over HL-LHC. This means an overall
increased demand for computing resources and efficent reconstruction techniques, but
poses particular problems for the processes of event reconstruction that scale unfa-
vorably with pile-up. Track seeding, i.e. the problem of identifying track candidates
from a subset of the track detector measurements, is a combinatorial problem that
exhibits the worst scaling. This thesis studies the performance of current approaches
to track seeding as applied to simulated FCC-hh data. It is shown that while track
seeding as done at LHC experiments is not feasible for FCC-hh, the inclusion of timing

information can reduce the combinatorics to a level that is comparable to HL-LHC.
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Zusammenfassung

Teilchenbeschleuniger und Detektoren ermoglichen seit mehr als 50 Jahren Naturbe-
obachtungen auf kleinsten Langensskalen. Der Large Hadron Collider (LHC) der Eu-
ropdischen Organisation fiir Kernforschung (CERN) in Genf beendet seine Operation
nach derzeitigem Plan um 2040, nach der Laufzeit des HL-LHC upgrades. Mehrere
Nachfolgerprjekte fiir den LHC wurden vorgeschlagen, die die bisherigen Beobach-
tungen vervollstidndigen und nach neuer Physik suchen kénnten, darunter der Future
Circular Collider (FCC). Die FCC Designstudie erforscht die Moglichkeiten, die ein
neuer Tunnel von 100km Durchmesser fiir Teilchenbeschleuniger schaffen konnte. Da-
mit kann einerseits ein weiterer Hadron-Beschleuniger (FCC-hh) beherbergt werden,
der eine maximale Kollisionsenergie von 100 TeV erreichen wiirde. Diese Steigerung,
die grosses Potential fiir die Entdeckung neuer Physik birgt, wird durch den grésseren
Tunnelumfang und die Entwicklung neuer Dipolmagnete, die bis zu 16T Feldstarke
erreichen kénnen, ermoglicht. Andererseits kann der Tunnel auch fiir einen Elektron-
Positron Beschleuniger (FCC-ee) oder einen Elektron-Proton Beschleuniger (FCC-eh)
genutzt werden, die das Physikprogramm des Hadron-Beschleuniger komlementieren
wiirden.

FCC-hh erreicht die Luminositat, die zur Suche nach neuen Prozessen notwendig
ist, auf Kosten eines Anstiegs an gleichzeitigen Teilchenkollisionen (pile-up), die im
Durchschnitt auf iber 1000 anwachsen, ein fiinffacher Anstieg im Vergleich zum HL-
LHC.Dies bedeutet einen hohen Anspruch an Computing-Ressourcen und erfordert
effiziente Rekonstruktions-Techniken, stellt aber insbesondere die Prozesse der Rekon-
struktion, die ungiinstig mit dem pile-up skalieren, vor Probleme. Track Seeding, i.e.
die Identifikation von Spur-Kandidaten aus einem Subset der Messungen des Spur-
detektors, ist ein kombinatorisches Problem, das am schlechtesten mit zunehmendem
pile-up skaliert. Diese Dissertation beschiftigt sich mit der Leistungsfahigkeit von
derzeitigen Algorithmen zum Track Seeding, und dem Potential, das Zeitmessungen
mit schnellen Spurdetektoren haben, um diese zu verbessern. Sie zeigt, dass wahrend
Track Seeding wie am LHC nicht am FCC-hh technisch durchfiihrbar ist, die Bertick-
sichtigung der Zeitinformation die Kombinatorik auf einen Level reduzieren kann, der
mit dem HL-LHC vergleichbar ist.
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Chapter 1.

The Standard Model of Particle
Physics

1.1. Introduction

The Standard Model of particle physics is a description of nature at the most funda-
mental level. It is the result of numerous scientific contributions (see [1] and references
therein). By the second half of the 20th century it was already almost fully formulated,
but only as recently as 2012 one of its last missing pieces was confirmed experimentally
(by the successful search for the Higgs boson [2]).

The Standard Model describes the universe in terms of 17 particles and four inter-
actions. The 17 particles are distinguished by several properties: First, their mass
influences the kinematics as well as production and decay. They are most commonly
categorized based on their spin, an intrinsic quantum number. The twelve particles
carrying half-integer spin constitute the fermions. The remaining five particles, which
all have integer spin, are bosons. The fermions can be split further, into leptons and
quarks with three generations each, as shown in Fig. 1.1. Each generation consists of
a charged lepton and a corresponding neutrino, and two quarks with electric charges
+2/3 and -1/3 (in units of the elementary charge). The particles in each genera-
tion are successively more massive (except for the neutrinos, which were originally
assumed massless and for which we experimentally know only upper mass bounds

and mass differences squared). The leptons of second and third generation are al-
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Figure 1.1. Diagram showing a classification of the standard model constituents. Source:

[3]-

most completely irrelevant to any matter encountered in everyday life. They are
only observable in experiments involving high energy particles — one reason why the
terms “particle physics” and “high energy physics” have become almost synonymous.
For each particle in the Standard Model, there exists an anti-particle with mirrored
charge-like quantum numbers (if a charge is zero, like for the photon, it is its own

anti-particle).

1.2. Interactions

The bosons mediate interactions between the fermions. The strong interaction de-
scribes the dynamics between quarks and gluons and is responsible for nuclear forces.
The photon and W- and Z-bosons mediate the electro-weak interactions, and are thus

responsible for all electromagnetic phenomena as well as S-decay.



1.3. Beyond the Standard Model

The scope of the Standard Model does not include gravity. As far as interactions
between particles are concerned, however, gravitational interaction is several orders

of magnitude weaker than the other interactions described here.

1.3. Beyond the Standard Model

No experimental results from accelerators so far directly contradict predictions by the
Standard Model. Nevertheless, several different considerations make it clear that it
cannot yet be a complete description of the universe at all energy scales. Astrophysical
measurements indicate that a large fraction of the matter in the universe interacts
in ways not yet observed by particle physicists [4]. The asymmetry of matter and
anti-matter in the observable universe raises issues with baryogenesis, the formation
of matter during the early universe [5]. Furthermore, some theorists take the need to
fine-tune some free parameters of the Standard Model as a hint that it has limited

applicability to high energy regimes [6].






Chapter 2.

The Future Circular Collider Study

2.1. Introduction

It is hard to overstate the significance of particle accelerators to high-energy physics.
accelerators underwent during the last decades. In the middle of the 20th century it

was reasonable and common to write that

“... most of our present knowledge concerning the properties of high-

energy particles was obtained through the study of cosmic-ray phenom-
ena, and, for a long time to come, cosmic rays will probably retain their

monopoly over the energy region beyond 10 [GeV]” [7].

50 years later, the energy reach of dedicated particle colliders has surpassed 10 TeV.
While this is still unlikely to reach the scales of the most energetic recorded cosmic
rays, accelerators enable precision studies of easily repeatable collisions in a controlled
environment. This has led to many discoveries at colliders, from the W- and Z-bosons
to the structure of the proton.

The latest of these discoveries concerns the Higgs boson, for which experimental
evidence was found in 2012 at the Large Hadron Collider (LHC) at the European
Organization for Nuclear Research (CERN) in Geneva. This was the last particle
predicted by the Standard Model.
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2.1.1. European Strategy for Particle Physics

The LHC will cease operations after the upgrade to the High-Luminosity (HL) LHC
which will allow it to collect an order of magnitude more data than planned until
2030. The exploitation of the full LHC potential is one part of CERN’s mission, but
it is also tasked with the development of a successor project, as formulated in the

European Strategy for Particle Physics :

“CERN should undertake design studies for accelerator projects in a global
context, with emphasis on proton-proton and electron-positron high-energy
frontier machines. These design studies should be coupled to a vigorous
accelerator R&D program, including high-field magnets and high-gradient
accelerating structures, in collaboration with national institutes, labora-

tories and universities worldwide.”[8]

The result of this effort is a Conceptual Design Report (CDR), published in four
volumes [9, 10, 11, 12], describing the potential of colliders making use of large tunnel

infrastructure.

2.1.2. Accelerator Infrastructure

The tunnel infrastructure is, due to its costly and permanent nature, one of the
most important choices for a collider experiment. An underground installation shields
the environment from operational radiation and the detectors from cosmic ray back-
grounds, and it allows to build a large installation in a densely populated area.

Fig. 2.1 shows the proposed layout for the tunnel that would host the Future Cir-
cular Collider. The layout maximises the circumference under the constraint of min-
imizing geologically problematic terrain. The tunnel also needs to pass the existing
accelerators at CERN in close proximity in order to use them for injection transfers.

Avoiding the limestone of the Jura mountains and the pre-alps, the proposed layout
reaches a circumference of approximately 100 km. This layout includes a passage of
the tunnel under the lake of Geneva — a novel feature of this kind of installation, but

deemed feasible.
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Figure 2.1. Proposed layout for a tunnel of 100 km circumference hosting FCC-ee/FCC-hh

in the Geneva region. Source: [13].
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The CERN accelerator complex
Complexe des accélérateurs du CERN
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Figure 2.2. The CERN accelerator complex

2.1.3. Injection and Pre-Collider Acceleration Complex

The CERN accelerator complex (shown in Fig. 2.2) can be used as an injection chain

for FCC-hh.

However, to reach the baseline injection energy of 3.3 TeV, one stage, the so-called
High Energy Booster (HEB), must be added [10]. The LHC tunnel is one option
for this last injector ring, but outfitting the SPS with superconducting magnets or

housing the HEB alongside FCC-hh in the 100 km tunnel have also been proposed

14].
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2.1.4. Collision Energy

Circular particle accelerators at the high-energy frontier are limited by the bending
power of the dipole magnets used to keep the beam on its trajectory. The increase
in the collider circumference by a factor of 3.6 with respect to the LHC (27.5 km)
means that the peak center of mass collision energy can increase by roughly the same
factor. Together with a research and development program aimed at increasing the
maximum field strength of the dipole magnets from 8 T at the LHC to 16 T, the
FCC-hh is expected to reach 100 TeV.

From a historical perspective, the beam energy available at colliders has grown ex-
ponentially, gaining roughly a factor of ten every seven years for most of the twentieth
century. However even FCC-hh actually does not keep pace with this historical de-
velopment as shown in Fig. 2.3, a timeline of available beam energies first compiled

by M. Livingston.

2.2. Overview of Proposed Future
High-Energy-Frontier Colliders

Besides the different accelerator options of the Future Circular Collider, other plans
for linear as well as circular colliders at different sites are being considered by the
High-Energy Physics community.

In this section the proposed accelerators and their different objectives and method-

ologies are summarised.

2.2.1. FCC-ee

FCC-ee is a circular electron positron collider with a direct energy reach of up to
350 GeV. The clean event signatures allow for precision measurements that can probe
new physics at higher energy scales than those directly accessible in the experiment.
FCC-ee will produce more than 1.3 x 10! Z /— 77 events, allowing for precision
studies of 7 properties [16]. The design presented in the CDR assumes two interaction

points for experiments, with ongoing studies on an option with four interaction points.
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Figure 2.4. Performance of planned lepton colliders in terms of luminosity and center-of-

mass collision energy. Source: [9].

Compared to hadron colliders such a machine has considerably lower event complexity
and thus detectors at FCC-ee have less stringent technical requirements on radiation
hardness, for example.

The detectors need, on the other hand, to be optimised for precision measurements.
Low mass tracking detectors are thus a very imporant part of the overall concept.
The detector concepts for FCC-ee thus include different technologies such as drift
chambers [17]. The requirements are furthermore very similar to detectors at CLIC

(see following sections), which have been adapted in a CLIC-like detector concept
(CLD) [18].

2.2.2. FCC-eh

Concepts for a hadron-electron collider at CERN were already proposed as a possible
use of the LHC tunnel [19]. The proposed Large Hadron-electron Collider (LHeC)
would collide a 60 GeV electron beam from an energy recovery linear accelerator with
7 TeV protons accelerated by the LHC. Electron-proton collisions at this energy scale

allow for more precise measurements of the proton structure. Compared to previous

11
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e-p experiments such as HERA [20] the luminosity would be at least a factor of 100
greater. LHeC can thus reduce systematic uncertainties for measurements at proton
colliders, but also investigate quark-gluon dynamics as well as lepton-parton bound
states. Even better performance can be achieved by FCC-eh, which could use a 50
TeV proton beam from FCC-hh for collisions with the same electron beam as LHeC.

This experiment could run concurrently with proton-proton collisions at the FCC-hh.

2.2.3. Compact Linear Collider (CLIC)

CLIC is a linear alternative to the circular high-energy frontier experiments described
here. Without the need to bend the beam on a circular trajectory and the resulting
losses due to synchroton radiation, CLIC can reach a maximum center-of-mass energy
of 3 TeV in electron-positron collisions with a tunnel of 50 km length, with lower-
energy stages at reduced length. The improved energy reach of linear colliders comes
at the cost of reduced luminosity (compare Fig. 2.4). Having started already in 1985,
the CLIC study is more advanced compared to the FCC studies and already had time
to prototype many of the novel technologies in its design, needed for example for the
high acceleration gradients of up to 100 MeV/m [21].

Fig. 2.5 shows the three different tunnel extensions that would house the three

stages of CLIC.

12
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Figure 2.5. Proposed layout of the three stages of the Compact Linear Collider in the

Geneva area. Source: [22].

2.2.4. International Linear Collider (ILC)

The International Linear Collider [23] is a proposed linear electron-positron collider to
be hosted in Japan. The ILC could act as a Higgs factory at a center-of-mass collision
energy of y/s = 250 GeV with possible upgrade steps up to 1TeV. In many regards

the ILC design is similar to CLIC, but uses superconducting cavities for acceleration.
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Figure 2.6. Schematic layout of the ILC accelerator and its subsytems. Source: [23]

2.2.5. Circular Electron-Positron Collider (CEPC)

CEPC is an alternative to FCC-ee, based in China. It is designed to operate at the
Z invariant mass, do a W- threshold scan and operate as a Higgs factory at 240 GeV
[24]. Similar to the Future Circular Colliders, a hadron collider (Super proton-proton
Collider, SppC) could use the tunnel infrastructure after the runtime of the CEPC.

2.3. The FCC-hh Detector Concept

This section summarizes the overall FCC-hh detector concept as presented in the
FCC-hh Conceptual Design Report [11].

2.3.1. Interaction Points

The layout of the interaction points of the FCC-hh accelerator shown in Fig. 2.7
foresees two high-luminosity experiments and two additional experiments at reduced
luminosities. Nevertheless, this thesis and the conceptual design report only study
a single concept that is expected to serve as a “proof-of-principle” and baseline to
identify directions for future research and development, as well as to demonstrate the

feasibility of such a detector.

14
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Figure 2.7. Schema of FCC-hh interaction points. Two interaction points (PA, PG) can
accomodate high-luminosity experiments, two additional experiments could
be at PL and PB. PJ, PD, PH and PF are needed for beam collimation,

acceleration, and extraction. Source: [11].
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Figure 2.8. Cross sections for Higgs Production from 7 to 100 TeV. Source: [25].

2.3.2. Physics: Motivation and Detector Requirements

At the time of writing, no clear direction for physics beyond the Standard Model has
emerged from the operation of the LHC. With 50 TeV proton beams FCC-hh has
the greatest direct discovery reach of all future collider projects currently under con-
sideration. Moreover, thanks to the integrated luminosity of 30 ab™! to be collected
over the whole period of data taking, it lends itself to the measurements of the Higgs
boson, its couplings and other standard model parameters. The Higgs program of
FCC-hh is supported by the fact that Higgs production cross sections rise dispropor-
tionately when increasing the collision energy from 14 TeV to 100 TeV. Monte Carlo
calculations show that for example the cross section of Higgs production in association
with a top quark pair increases by a factor of ~ 60 when going from LHC to FCC-hh
energies (see Ref. [25] and Fig. 2.8). This is an interesting final state as the two b-jets
constitute a good triggering setup. The total cross section for proton-proton collision
on the other hand only increases from 73.1 4+ 7.7mb to 105.1 + 2.0 mb, an increase of
only 45% [9].

The LHC experiments are a natural baseline for detectors at a 100 TeV collider.
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Figure 2.9. Jet rapidity difference of Higgs (H;;) production in Vector Boson Fusion and
QCD. Source: [26].

The mentioned studies have, however, identified some areas with novel and more
stringent detector requirements. Studies of the potential for QCD, top quark and
flavour physics and precision electroweak measurements, as well as searches for dark
matter and dark sectors, massive neutrinos, flavour anomalies and other phenomena

beyond the Standard Model can be found in Ref. [9].

A very fundamental change for the overall detector design is the detector coverage:
Fig. 2.9 shows that the directions of the most forward jets produced in Vector Boson
Fusion (VBF) differ, on average, by more than 6 rapidity units. Together with other
physics objects that are boosted more to the forward region of the detector, these
calculations led to the requirement of extending the detector coverage to n = 6 (for

the definition of 7 and y, see the next chapter).

Many of the Higgs measurements as well as searches for physics beyond the Standard
Model depend on the capabilities to reconstruct and tag heavy and light flavour jets.
Searches for heavy resonances like Z' — tf and Z' — bb require tagging high-pr jets

up to energies of several TeV [27].
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Figure 2.10. Computer rendering of the FCC-hh baseline detector model. Source: [11].

2.3.3. Detector Subsystems

The baseline FCC-hh detector (see Fig. 2.10), as documented in the conceptual design
report, is in many ways similar to current LHC general-purpose detectors like ATLAS
and CMS. Its overall dimensions are about 50 meters in length and 20 meters in
height. Except for small features, it is rotationally symmetric under rotations around

the beam axis.

Fig. 2.11 shows the layout of the detector and its subsystems in the longitudinal
plane. In the central region (|n| < 2.5) the tracker extends to a radius of 1.7 m. The
Electromagnetic CALorimeter (ECAL) and the Hadronic CALorimeter (HCAL) fill
the space up to the central solenoid magnet. The overall calorimeter thickness is more

than 10.5 nuclear interaction, to ensure containment of high energy showers [28].

A central muon detector is located outside of the central magnet. In the forward re-
gion, the detector consists of endcap trackers and calorimeters, and a forward detector
with its own magnet to provide additional coverage up to |n| < 6. Three track detec-
tor layers between the central and forward tracker help to improve the extrapolation

of forward tracks.
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different detector subsystems. Source: [11].

2.3.4. Radiation Environment

The radiation levels during operation are the result of the beam parameters and the
material distribution in the cavern. Especially the calorimeters are activated by the
high particle rates of FCC-hh, as can be seen in Fig. 2.12, and shielding must be put

in place to protect electronics and allow for maintenance.

2.3.5. Magnet System

The magnet system (shown in Fig. 2.13) is discussed in the description of the tracker
design in Chapter 5. For economical reasons, no return yoke or shielding is foreseen;
the magnetic field in the experimental cavern is thus higher than at LHC experiments,

but a service cavern for sensitive equipment is anyway foreseen.
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shows the 1 MeV neutron equivalent flux for the full integrated luminosity

of 30 ab—1. Source: [11].
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Chapter 3.

FCC-hh Collision Parameters

3.1. Introduction

This chapter presents more detailed information on FCC-hh as motivation and ref-
erence for the FCC-hh detector design that is presented in this thesis. As shown in
later chapters, the high luminosity is one of the central design challenges for detector
performance and thus the focus of this work. A more complete picture of the novel
accelerator design technologies and physics studies that shape FCC-hh can be found

in the corresponding conceptual design report volume [11].

3.2. Machine Parameters

The defining feature of FCC-hh is the center-of-mass collision energy of 100 TeV,
made possible by a combination of the increased tunnel circumference and high-field
dipole magnets with a foreseen field strength of 16 T. The beam will consist of 10400
bunches, each bunch consisting of 1 x 10! protons. The bunch spacing of 25ns and

corresponding collision frequency of 40 MHz are identical to the LHC parameters.

3.2.1. Simultaneous Collisions: Pile-up

The actual number of proton-proton collisions during each bunch crossing is random,
following a Poisson distribution determined by the beam parameters. All proton

interactions beside the one giving rise to the signal — the process of interest, usually a

23



Chapter 3. FCC-hh Collision Parameters

CMS Average Pileup

3000 T T T T 3000
‘ [ 2018 (13 TeV): <u> = 37
1 2017 (13 TeV): <u> = 38
2500 q

2500
2016 (13 TeV): <u> = 27
2015 (13 TeV): <u> = 13
2012 (8 TeV): <p> =21 ]2000
2011 (7 TeV): <u> =10

20001

1500( 11500

ol (13 TeV) =80.0 mb

ol? (8 TeV) =73.0 mb
ol (7 TeV) =T71.5 mb

1000[ 11000

5001 1500

Recorded Luminosity (pb !/1.00)

0
o

% 20 a0 © 20 X

Mean number of interactions per crossing

Figure 3.1. Distribution of the number of simultaneous proton-proton collisions during

events recorded by CMS. Source: [30].

hard scatter event — are referred to as pile-up and their properties are described in the
next section. At the LHC, the mean number of pile-up was below 21 for most of Run
1 and Run 2, before increasing up to 60 for the upcoming Run 3 (see Fig. 3.1). For
the High-Luminosity upgrade after Run 3, the average pile-up is estimated to increase

to 128, with a fraction of about a third of the events even with mean pile-up 140 [29].

The mean of the pile-up distribution u is approximately ~ 1000 at the FCC-hh for
beams at peak luminosity. This number does not represent an upper or lower limit for
pile-up — some bunch crossing will produce more or less pile-up events according to the
variance of the Poisson distribution. Furthermore, the peak pile-up rates only apply
for some fraction of data taking. The number of protons in the beam decreases with
time due to losses in collisions (“burn-off”). Dumping a beam and injecting a new
one takes several hours, and the peak luminosity curve is the result of optimization

studies as shown in Fig. 3.2.

The beam properties also determine the size and shape of the luminous region, the
volume in which collisions will occur. The detailed kinematics of the bunch crossing
and the use of crab cavities to compensate the crossing angle are described in Ref.
[31]. For detector simulations, the luminous region can be well approximated by a

4-dimensional Gaussian distribution centered at the origin, with standard deviations
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Figure 3.2. Optimized luminosity and pile-up rates at FCC-hh over the course of 24 hours
of data taking. Source: [32].

0, = 0, = 50 microns, o, = 40 mm and o; = 180 ps. The following chapters will in-
vestigate how the time spread of pile-up collision vertices can be used to mitigate their
effect on track reconstruction. The time and spatial dimensions of this distribution
are assumed to be uncorrelated.

A consequence of the short bunch spacing of 25 ns is that collision products have
barely left the detector by the time the next bunch collides. Some detector subsystems
such as the liquid argon calorimeter have sensitivity windows that are larger than the
25ns bunch interval and can thus be influenced by previous events. This type of
pile-up is referred to as out-of-time pile-up as opposed to the in-time pile-up from
the same bunch crossing previously discussed. The techniques to mitigate out-of-time
pile-up are mostly the same as for in-time pile-up. For track reconstruction studies

as presented in this thesis, however, out-of-time pile-up is of limited importance.

3.3. Pile-up Events

The cross sections for many interesting processes are exceedingly small (see Fig. 3.3).
The associated events thus need to be selected from a large number of collisions using
a “trigger”, a system that can identify the interesting events from the limited detector
information available in the short time between collisions.

The properties of pile-up collisions are, in contrast, determined by the processes with

the biggest cross section. These processes include both elastic scattering, i.e. energy
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Figure 3.3. Total production cross section measurements by ATLAS, compared to theory

predictions. Source: [34].

transfer between the protons without a change in the particle content of the event, as
well as inelastic scattering. The most common inelastic proton-proton collisions can
be further subdivided into single or double diffraction (one or both of the protons enter
an excited state and subsequently break apart, producing particles predominantly in
the forward direction), and non-diffractive processes. Non-diffractive processes are

dominated by soft, i.e. low transverse momentum quantum chromodynamics (QCD).

For technical reasons (such as the finite detector acceptance) it is difficult to record
a truly random, unbiased sample of collisions at colliders. The bias associated with
selecting events can however be minimized. A selection that tries to come as close
as possible to an unbiased sample is referred to as a minimum bias selection. By
convention, diffractive processes are not counted as minimum bias events, which thus

are dominated by non-diffractive QCD processes [33].

A comprehensive study of the properties of minimum bias events at FCC-hh and a
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Figure 3.4. Visualization of a collision event with 86 reconstructed vertices recorded in
2016 by CMS. Source: [38].

comparison of different event generators can be found in Ref. [35].

The minimum bias events in pile-up should be distinguished from the Underlying

Event (UE), which refers to the low-p; remainder of a hard scatter event [36].

3.3.1. Charged Particle Multiplicity

On average, minimum bias proton-proton collisions at 100 TeV are predicted to yield
150 £20 charged particles. This allows to give a first estimation of around 1.5 x 10°
charged tracks at a 1000 pile-up event, not accounting for material interactions in the
detector. This is comparable to a single central lead-ion collision at the LHC [37],
which however operates at a significantly reduced interaction rate and only has one

track vertex to reconstruct.

Line plots of trajectories of charged particles around the interaction region have

been used to visualize the pile-up density (see for example Fig. 3.4).

In FCC-hh conditions even these visualization techniques fail to capture the track

density. Alternative visualization techniques have been proposed [39, 40].
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Figure 3.5. Distribution of charged particle pseudorapidities in minimum bias events at
13 and 100 TeV.

3.3.2. Momentum Distribution

For the purposes of track reconstruction, the transverse and longitudinal distribu-
tions of charged particle momenta are of interest. Fig. 3.5 and Fig. 3.6 show FCC
simulations of the momentum spectra of charged particles in minimum bias events at
100 and 13 TeV. Pythia 8 was used to generate non-diffractive soft QCD processes at
the given center-of-mass energies. The overall agreement shows that minimum bias
events at FCC will not be substantially different, compared to the LHC. There is,
however, a slight, but clear tendency towards tracks that are directed more in the

forward direction and possess higher transverse momenta.
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events at 13 and 100 TeV.

3.3.3. Vertex Distribution

The location and timing of the pile-up vertices is the result of the geometry and
dynamics of the bunch crossing. For the purposes of this work, the distributions of
the vertices along the coordinate axes z, y, z, and t are taken to be uncorrelated

normal distributions, as shown in Fig. 3.7.

The longitudinal and time coordinates are certainly somewhat correlated, as protons
are expected to collide while the bunches overlap. The tails of the time distribution are
limited to the areas where bunches still overlap at that given time, which is typically

closer to collision center.

The average distance between two pile-up vertices is a crucial parameter for track

reconstruction, due to the possibility of misreconstructing close vertices as a single
veﬁci& 3.8 shows the distribution of longitudinal separation of pile-up vertices along

the beam line. The most likely value of the distance between two neighboring vertices
is more than one magnitude smaller at FCC-hh compared to configurations corre-
sponding to HL-LHC [42]. Fig. 3.7 hints at one possible pile-up mitigation strategy

that is described in this work. If the timing resolution of the detector can be made
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substantially better than the time spread of pile-up vertices, the time information can

be used to discriminate between them.
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Chapter 4.

Review of Track Detection and

Reconstruction

4.1. Introduction

Tracking detectors have been instrumental for particle physics since the early begin-
nings. This chapter briefly summarizes the experimental techniques that have become
standard in collider experiments to provide context and lay the groundwork for the
studies of the FCC-hh detector in the following chapters. Every experiment uses
slightly different definitions and notations to describe particle tracks. Consistent no-
tations for the FCC detector geometry and the track model that are used throughout

the rest of the text are also introduced.

4.2. Definitions and Conventions

Particle detectors are built around the interaction points of the collider. As discussed
in Ch. 2, the interaction points themselves are not point-like, but a region in space,
determined by the geometry of the beams. To describe the detector and its measure-
ment spatially, it is therefore natural to use a coordinate system with its origin in the
center of the luminous region. Here, a cartesian coordinate system with the following
conventions is used:

The positive x-axis extends from the origin in direction of the center of the circle
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beam
axis

Figure 4.1. Convention for coordinate systems and transverse/longitudinal momentum in

FCC studies. Source: [43]

defined by the beam (see Fig. 4.1). A tangent to the beam line at the origin defines
the z-direction. The y-axis runs orthogonal to x and z, with the upward direction with
respect to the gravitational field of the earth declared positive. The sign convention
for z is finally chosen so that the positive directions satisfy the right hand rule.
Whenever convenient, standard polar coordinates » and ¢ are used in the transverse
x-y plane. In the longitudinal plane, the polar angle # and especially in the context

of hadron colliders, the pseudo-rapidity

)

are used as well. The preference for 7 is due to the particle production in hadron
collisions, which is more uniform in intervals of constant width in 7 than in intervals
of constant width in 6.

The FCC data model for tracking closely follows conventions used in the ATLAS
experiment [44]. Tracks are described in terms of the geometrical properties of an
ideal helix. Definitions of the individual parameters are given in the table below.
Where this approximation is not sufficient, a set of track parameters can be taken to

describe a curve constructed piece-wise from helix segments.
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parameter description

dp [cm] transverse impact parameter distance of
closest approach to beam line
2o [cm] longitudinal impact parameter, z-value at the

point of closest approach to the beam line

¢o [rad] polar direction of the track at the point of
closest approach

cot 0 inverse slope of the track in the (7 - z) plane

q/pr [GeV 1] charge over transverse momentum

The curvature p is connected to the transverse momentum pr, charge ¢ and (as-

sumed homogeneous) magnetic field strength B via

pr[GeV]
0.003 - gle] - B[T]

A direct conversion between particle three-momenta and track parameters is again

plem] = (4.1)

possible only in an (approximately) homogeneous field and is explicitly:

P = - COS ¢y
lq/pr|
Py = - sin ¢
Y la/pr
1 1
D = :
cotf |q/pr|

For primary vertices the vertex parameters can be directly read off the track parame-
ter definition. For the case of secondary vertices the event data model implementation

specifies a reference surface and local coordinates to that surface.

4.3. Semiconductor Detector Working Principles

Although a multitude of different semiconductor detectors for particle radiation exist
[45], the basic principle is always the creation of mobile charge carriers by ionization

from a passing charged particle (see Fig. 4.2).
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Figure 4.2. Illustration of the working principle of a silicon detector. Source: [45].

Silicon and other semiconductors used for particle detectors have some advantages
over detection of radiation via ionization in gases. The band gap in silicon is small
compared to the energy needed to ionize gases, thus many charge carriers are created.
The sensor can be finely segmented, allowing for a very precise position measurement.
They can be collected and amplified with readouts on the same module. A common
configuration of sensor and readout electronics is shown in Fig. 4.3.

In software simulations of the tracker detector, such as GEANT4, only the energy
deposit resulting from the particle interaction with the detector material is calculated.
The digital response of the silicon detector to the passing particles needs to be sim-
ulated as well. This process, digitization, is very technology-dependent and in FCC

simulation a generic, geometric approximation to this process is used.

4.3.1. Silicon Timing Detectors

Besides precise measurements of the position and deposited energy of the passing
particle, silicon detectors can measure time precisely, provided an accurate clock signal
is distributed. Several factors limit the possible time resolution of a silicon detector
[46]. There are fundamental fluctuations in the signal amplitude which imply that
a threshold voltage is reached at different times. This can be due to the shapes
of the signal for varying amplitudes (time walk) or due to noise on the signal itself

(jitter). In general, a thin detector is therefore advantageous for timing applications.
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Particle
Direction

Indium Bumps
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Figure 4.3. Illustration of a silicon pixel detector with bump-bonded readout. Source:

[45].
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Figure 4.4. Illustration of low gain avalanche diodes for tracking. Source: [47].

Thin sensors, however, have large capacitances and require high gains for a sufficient

signal, which in turns introduces noise that degrades the timing resolution.

Low Gain Avalanche Diodes

Low gain avalanche diodes (LGADs) [47, 48| have already shown in prototypes to
have timing capabilities close to those assumed for timing studies at FCC-hh. They
are considered to be used in upgrades for CMS and ATLAS [49, 50]. Characteristic
for LGADs is a thin multiplication layer close to the junction. as shown in Fig. 4.4.
The timing resolution of LGADs is markedly worse for particles that do not traverse

the amplification region around the junction. This issue, termed “LGAD fill factor
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Figure 4.5. Comparison of LGADs and iLGADs. Source: [48].

problem” in the literature, leads to the study of an alternative, inverted configuration

that is described in the next section.

Inverse Low Gain Avalanche Diodes

Inverse low gain avalanche diodes (iLGADs) are a variant of LGAD that promise to
overcome the fill factor problem. In iLGADs, the multiplication layer is non-segmented

and located at the p™ side.

4.4. Review of Track Reconstruction Strategies

The task of offline track reconstruction is to estimate particle trajectories based on
a set of measurements. The measurements of the track detector are assumed to be
already in the form of partial or complete spatial information on where the interaction
took place and any additional information, such as charge distributions or timing. The
step of generating this information from the ionization charges collected during the
interaction of the particle with the detector, in itself a reconstruction problem, is not
considered here. While complex in its technical details, offline track reconstruction
mostly consists of these few steps: Tracks need to be modelled, parameterized and
evaluated at different points in the detector. Measurements are associated to a possible
trajectory in a pattern recognition step. If this association only uses a subset of the
track measurements this is known as track seeding. Based on a set of measurements,
the parameters of the tracks are estimated in a track fitting step.

In the most common approach these steps are not independent and sequential.

Rather an iterative procedure starting from a track seed and using estimates of the
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track parameters obtained by a Kalman Filter to carry out pattern recognition is used.
The use of Kalman Filters in track reconstruction is thoroughly documented in the
literature [51]. For reference, the relevant equations are reproduced in the notation
used for FCC in the following.

In Pb-PDb collisions the ALICE experiment [52] is already faced with track densities
comparable to those at FCC-hh. However, since the collision rate is significantly
reduced, ALICE can use detectors like time projection chambers that would not be

feasible for the planned luminosity of the FCC-hh.

4.4.1. Conformal Transforms

Some of the simplest approaches to track reconstruction belong to the family of con-
formal transforms. Here the hit coordinates are transformed such that the track
parameters are easy to read off or calculate from the transformed coordinates. An
example is the Hough transform, which is described in Ref. [17, 53] in context of track

reconstruction for FCC-ee. Here transformed coordinates (u, v) are defined from (p,

@) via:

p=1u-Ccosp+v-sing

A set of points on a straight line in the (u, v) matches to a set of curves in the (p, ¢)
plane that intersect at a point that can be interpreted as the intercept and slope of the
original line. The intersection can be easily obtained by finding the maximum of a 2D
histogram, but care must be taken to choose a binning that is small enough to yield
sufficient resolution, but coarse enough to group all the points from the intersection
in one bin.

In order to use the Hough transform for the measurement of particle momenta, an
additional conformal transformation is needed to convert circular particle trajectories
into straight lines. If z, y are hit coordinates in the transverse plane, this can be
achieved by calculating new coordinates u, v such that

z )

y U=
$2+y2 $2+y2
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Figure 4.6. Example of the Hough transform of a set of hits along circular tracks. Source:
[17].

Z

Figure 4.7. Geometric effects on the error propagation of track parameters.

After a Hough transform of (u, v), the parameter p can finally be interpreted as
the curvature of the trajectory (and is thus indirectly proportional to the transverse
momentum of the particle).

Besides its simplicity, Hough transform based reconstruction methods have the ad-
vantage that their computational complexity is linear in the number of track hits
(assuming the maxima can be efficiently found). The method is limited, however, in
that noise, background hits and material interactions can interfere with the identifi-
cation of the maximum. It is thus best suited to the reconstruction of events with

very clean tracks such as at an electron-positron collider like FCC-ee.

4.4.2. Track Extrapolation and Error Propagation

An important step in track reconstruction is the extrapolation of a track to a certain

point in the detector geometry.
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4.4.3. Kalman Filter

System Equation

The state vector py, = [zg, v] at surface k describes the trajectory of a particle localized
in the detector. The deterministic function f;, (which has a linear approximation Fy
that describes how the track parameter would change from one surface to another can
be implemented. Additionally, future track parameters are affected by process noise
0. Usually only a subset of the track parameters is affected by process noise. This is
expressed by multiplying the matrix representation of process noise with a projection
matrix Pj. The covariance matrix of § is denoted Q. Thus the state at surface k is
given by the deterministic prediction from an earlier state and the additional process

noise:

Pr = £, (Pr—1) + Py

Measurement Equation

The deterministic function h; with linear expansion H, maps the track parameters
pr. to measurable quantities (for example coordinates on a tracking module surface).

The measurements my, are then given by:

my, = hy, (px) + €

Prediction Equation

The essential part of the Kalman filter is the calculation of new track parameters
weighted on both the prediction of the track model and previous k£ — 1 measurements

and the new measurement.

Prjk = C,:‘i,lpkucfl + H;‘Ckak]
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The updated covariance matrix Cy;, reads:
1 T -1

Finally, the same weighted update can be done in a “smoothing” step to propagate

the measurement information back to the first measurement.
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Chapter 5.

FCC-hh Track Detector Design

This chapter describes the reference design for a track detector at FCC-hh. This
concept is included in the conceptual design report and part of a complete detector

concept, compatible in dimension and performance with the other subsystems.

The proposed detectors are not completely novel concepts but adaptations of the
existing track detectors at LHC experiments, thus drawing on their experience. As
research and development into particle detector technologies are ongoing, some tech-
nical details of the concept are expected to change until their final determination
in the technical design report. The presented proposal is a proof of principle that
is projected to meet the physics requirements and identifies the areas where current

technology is not yet sufficient.

5.1. Introduction

Tracking detectors are optimized to achieve several, sometimes conflicting, goals, and
an acceptable trade-off needs to be found for the final design. For example, pat-
tern recognition capabilities increase with the number of detector layers, whereas the
momentum resolution might decrease due to the material-induced scattering. The

following sections discuss the most important design considerations.
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luminous region

Figure 5.1. Geometric constraints for the hermeticity of a track detector. The modules
must overlay enough to cover tracks from both extremes of the luminous region

up to the maximum forward angle.

5.1.1. Hermeticity

As a general-purpose detector, the tracker should provide complete information on the
event, measuring as many collision products as possible. Since the overall detector has
to be assembled from smaller modules for practical reasons, the individual modules
of the detector need to be positioned so that the chances of particles slipping through
holes are minimized. The coverage in the forward region is of course always incomplete
due to the beam pipe, but can be improved with detector elements close to the beam
pipe at longer distances from the interaction point. The layout thus depends on the

geometry of the beam spot and luminous region, as shown in Fig. 5.1.

5.1.2. Pattern Recognition Capabilities

Silicon detectors sample the particle trajectory at a limited number of points and rely
on reconstruction software to give the final measurement result. The layout should
therefore be well suited for the reconstruction algorithm employed, otherwise it might
impose prohibitive requirements on computing power, or degrade the performance
due to falsely reconstructed particles. Multiple layers close to the interaction region
can for example effectively reduce the combinatorics of connecting hits to track can-
didates, but are counterproductive for the measurement of momentum resolution at

high momenta.
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5.1.3. Stability and Radiation Hardness.

As the operation time of the proposed machine is at least ten years, the detector
should be optimized for stability and allow for maintenance works. The layout has
to allow for a mechanical support structure to keep the detector modules in place.
Although mis-alignment can be corrected for in reconstruction algorithms, movement
of the modules during a run will contribute to measurement errors. Likewise, the
electronics and sensor material must withstand the radiation levels of normal collider

operation for the time period of operation.

5.1.4. Momentum Resolution

The lever-arm for the measurement of highly energetic particles should be as large as
possible, while the magnetic field should allow for low-momentum particles to reach
the inner detector. The material of the detector itself will interact with primary
particles, scattering them. Therefore the detector should be as light as possible as

not to perturb the measurement.

5.2. Magnetic Field

The baseline magnet concept for the FCC-hh is a solenoid, providing an approximately
constant magnetic field of 4T field strength in the central barrel volume. Fig. 5.2
shows a field map with the spatial variations of the field in the r-z plane. Two smaller
solenoids create a magnetic field in the forward regions.

Earlier iterations of the design foresaw a magnetic field of 6 T, which was changed
for the current design together with reduction of the detector dimensions for economic
reasons.

Another version with dipole magnets providing the field in the forward regions has
been studied, and curves pertaining to this magnet configuration are shown in some
of the resolution plots in this chapter.

The non-uniformity of the magnetic field degrades the transverse momentum reso-
lution in the forward region by approximately 10% according to analytical calculations
[11].
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Figure 5.2. Magnetic field map in the r-z plane of the FCC-hh solenoid magnet concept.
Source: [54].

5.3. Analytical Calculation of Tracker Resolutions

using Glucksterns’s Formulas

The tracker momentum resolution along 7 can be approximated by the square sum of
two contributions: from detector spatial resolution that dominates at large pr values,
and multiple Coulomb scattering in the detector material that dominates at low pr
values. Both tracking limits, further denoted as ‘Res’ and ‘MS’, respectively, can be

analytically assessed by the generalized Gluckstern formulae [55, 56] as:

(SpT _ Oryp |pT| 720N3 (51)
pr | 0.3BL2\ (N —1)(N 4+ 1)(N +2)(N + 3)
o 13.6 M N o ot/ (IV+1
Pz 3.6 MeV /c Ttot coshn [1 + 0.0381n M coshn|,
PT | e 0.36BL /(N+1)(N—-1)V Xo 0
(5.2)
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where pr, 0,,, B, L, B and x4/ X, represent the transverse momentum in [GeV/c],
sensor spatial resolution in 7-¢ in [m|, magnetic field in [T], full tracker lever-arm in
[m], relativistic 8 = v/c factor and total detector material budget in radiation lengths,
respectively. The formulae are derived for a scenario with a constant magnetic field,

and N equal and equidistantly positioned tracking layers.

5.4. Layout

Tracking detectors measure particle properties via the geometry of the particle tra-
jectory. For any given type of individual detector capable of particle position mea-
surements, the optimal spatial layout needs to be determined. The current FCC-hh
tracker design is conservative with regards to the capabilities of the detector. The
modeling and parametric simulation tool tkLayout [57] was used to find a design
that fits the constraints imposed by the other detector subsystems and meets the

performance requirements.

5.4.1. Tilted / Non-Tilted Layout

Until the end of Run-2, the large, hermetic, multi-purpose experiments at the LHC
used track detectors in a “barrel/endcap” configuration. Detector modules are ar-
ranged with their sensitive areas either perpendicular (endcaps) or parallel (barrels)
to the beam line.

For the upgrades undertaken during the Phase II shutdown, both experiments plan
to incline certain detector modules at different angles, blurring the traditional dis-
tinction between barrel and endcap. The tilt will reduce the number of collision
products that will traverse the detectors at shallow angles, and therefore the poten-
tial for scattering and interactions that degrade the momentum measurement. The
drawback of the tilted configuration is the increased complexity of the mechanical sup-
port structures. While mis-alignments can be corrected to some degree during offline
reconstruction, any instabilities during the run will degrade tracker performance.

The conceptual design report finally includes both a tilted (version v4.01) and a

non-tilted (version v3.03) variation of the proposed layout, see Fig. 5.5.
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Figure 5.3. Layout of the inner tracker in the r-z plane for the non-tilted (v3.03) configu-
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Figure 5.4. Layout of the inner tracker in the r-z plane for the tilted (v4.01) configuration.)
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Figure 5.6. Number of hits per track in the different subsystems of the FCC-hh tracker

for ideal, straight particle trajectories as a function of pseudorapidity 7.

Depending on the layout, a given (charged) particle trajectory will yield a different
number of measurements in the tracker. For pattern recognition and track fitting, a
certain number of hits is required. As shown in Fig. 5.6, the choice of layout does not
impact this metric in a significant way, and a minimum of 12 hits is expected up to

n=1>5.

5.4.2. Material Budget

Maximizing the number of detector layers taking measurements is ultimately defeating
its own purpose, as the added material will interact with the particle, by multiple
scattering, creation of delta rays, or even nuclear interactions. The particle trajectory
can be changed to such a degree that the properties of the particle as it was leaving
the collision can no longer be inferred from new measurements. In this sense, the
detector design operates on a “material budget”, measured in radiation and nuclear
interaction lengths. The most important factor in this are the materials used in the
construction of the detector modules themselves. Fig. 5.8 gives an overview of the

thicknesses assumed in the different subdetector regions. Lightweight carbon-fibre
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Figure 5.7. Material Budget of the flat and tilted FCC-hh tracker layouts. Each bin rep-
resents the amount of material traversed by straight, ideal particle trajectories
in the given pseudo-rapidity range. The filled histograms correspond to the
flat layout, with red showing the total of beam pipe (BP), barrel (BRL) and
endcap (EC) trackers. The beam pipe material (shown in green) is the same

for both layouts.

structures can be used in the mechanical construction of the detector. The choice of
material is especially important in the inner detector, as scattering in this region will
have an outsized influence on measurements at larger radii. The beampipe, which
constitutes the material closest to the collision point, is designed to be constructed
from Beryllium, despite its high cost, due to its light weight.

The layout can also reduce the material budget for forward tracks and is the main
argument for using a tilted layout. Fig. 5.7 shows that the total material does decrease

in the inclined configuration, especially in the mid-forward region between 1 < || < 4.
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Figure 5.8. Map of the material per module in the transverse plane. Boxes indicate the re-
gions in which each of the four different detector module types (with radiation

lengths 1.0, 1.5, 2.0 and 2.5 % Xy ) are used.

5.4.3. Trajectories of Low Momentum Tracks

The solenoidal magnetic field in the central detector volume forces charged particles
on a helical trajectory parallel to the beam line. Charged particles below a certain
transverse momentum threshold present a special case for tracking, as the magnetic
field curves back the trajectory before they reach the barrel calorimeter. Without the
absorbing calorimeter material in its path, the particle may traverse the light tracker
material for many turns of the helix before it undergoes a destructive interaction or
exits the detector volume, either entering the forward calorimeter or passing through
non-instrumented regions outside of the detector acceptance.

In the case of FCC-hh, the momentum threshold for this kind of trajectories is
approximately 1 GeV, as dictated by the magnetic field strength of 4 T and the tracker
volume radius of 1600 mm, as shown in Fig. 5.9.

In principle (disregarding material interactions), these looping particles produce
many hits and their momenta could be measured with a higher resolution than the
one of particles that do not complete more than one turn of their trajectory. However

this information is not of great experimental interest, as physics processes of interest
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Figure 5.9. Low momentum trajectories in the FCC-hh tracker. Shown are two example

trajectories with n = 1 and pr = 1, 0.2 GeV respectively.

are associated with particles of higher momenta.

Furthermore, the higher channel occupancy negatively impacts track reconstruc-
tion efficiency, as the additional hits give rise to spurious track seeds. As shown in
Ch. 4, the pr spectrum in pile-up collisions is soft and has a significant fraction of
low-momentum particles, which represents a further challenge pile-up poses to track

reconstruction.

5.5. Detector Module Technologies

The performance of a tracking detector is a function of both its geometric configuration
and the detector modules used for the position measurements. Solid state particle
detectors, as described in the previous chapter, are a rapidly evolving and changing
technology. The design of a experiment that will be constructed more than 20 years
in the future has to acknowledge and can also benefit from these developments, but
must also ensure the consistency of the design. Until the final choice is made in a
technical design report, a reasonable baseline informed by current available options

must be assumed to study the feasibility of the overall detector concept.
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Figure 5.10. Projection of the inner FCC-hh barrel tracker layout v4.01 on the x-y plane.
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In the case of the FCC-hh tracker, three types of detector modules are assumed:
Pixel, Macro-Pixel and Striplet modules. Striplets effectively give only a one-dimensional
position measurement and must be combined with another, rotated, striplet module
to give the same information as a module segmented in pixels. Pixel modules are
used for the inner barrel, and the inner rings of the endcaps. Macro-Pixels are to be
used for the first four layers of the outer barrel and the rings of the endcaps up to the
same radius as the fourth layer of the outer barrel. Finally the last four layers of the
outer barrel and the outermost rings of the endcaps are composed of either Striplets

or Macro-Pixels.

module type resolution 7 — ¢ [um] resolution z [um]| resolution ¢ [ps]

pixel 7.5 15.0 (- / 30 / 100)
macro-pixel 9.5 115.0 (- /30 /100 )
striplets 9.5 2887 -

The assumed module dimensions are listed in the following table. Note that there
are small variations also for the same module type on different layers, which are not
listed here for clarity but can be found in Ref. [58]. The relative material composition

for all modules, needed for full simulations, is the same.

module type length [mm| width [mm| thickness [mm| radiation length %

pixel 68.5 12.5 1.434 1.0
macro-pixel 102.4 102.4 2.867 2.0
striplets 102.4 102.4 3.587 2.5
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Figure 5.12. Channel occupancy in the barrel layers of the baseline FCC-hh tracker
(v3.03). Source: [60].

The following table gives the composition for a pixel module. The respective values
for macro-pixel and striplet modules are scaled by factors of 2 and 2.5 respectively.
The silicon component includes a 0.1 mm thick layer for the sensor, as well as 0.187 mm

for electronics on the module.

material  thickness [mm]
Si 0.287
Cu 0.029
Al 0.086
C 0.602
Polyethylene 0.430

The parameters are chosen to resemble those of detector modules currently under

review for other projects [59]. Timing capabilities will be studied in the following

chapter.
The channel occupancy of the FCC detector modules under typical high-pile-up

conditions is shown in Fig. 5.12.

A more detailed study of the effects of pile-up on track hit digitization and cluster
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Figure 5.13. Comparison of single particle transverse momenta resolutions obtained by
analytical methods and full simulation. The dotted pink line corresponds to

the full simulation results. Published in [11]

sizes can be found in [61]

5.6. Momentum Resolution

The performance of the detector configuration as described in the previous chapter
can be characterized both analytically and with detailed simulations. Fig. 5.13 shows
that both methods agree that the required resolution for the transverse momentum,
the most important direct measurement of the track detector, fulfills the physics
requirements.

The resolution shows the typical direct dependence on the curvature of the track,
at least for high momenta where the effect of multiple scattering is last pronounced.
Below 100 GeV the material interactions offset the effect of the increased sagitta of
the helix and the curves collapse. The functional dependence on the longitudinal
inclination of the particle trajectory has a direct correspondence to the lever arm the
tracker provides: the region between 2 < |n| < 2.6 where the intermediate endcaps

do not reach the full radius of 1.6 m is clearly noticeable as a deterioration of the
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Figure 5.14. Impact parameter resolution performance of the FCC-hh tracker. To be
published in [54]

momentum measurement. Trajectories with 3 < || < 6 hit all the forward layers,
but are already inclined too much to reach the outer rings, resulting in a continuously
worsening momentum resolution.

The measurement of the track parameters related to the track vertex are most
sensitive to the position and material of the innermost tracking layer. The resolution

of the transverse impact parameter dg is shown in Fig. 5.14 .

5.7. Effective Pile-up

Pattern recognition capabilities are especially important for tracking detectors at the
FCC-hh due to the large amount of pile-up. The requirements for a detector that
allows for efficient reconstruction are different than for the most precise momentum
measurement.

One way of quantifying the capability of a detector to perform in the FCC-hh envi-
ronment is the effective pile-up. This measure describes the average number of pile-up
vertices within the uncertainty of the reconstructed vertex position, i.e. how unam-

biguously a track can be assigned to a primary vertex. Fig. 5.15 shows the effective
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Figure 5.15. Effective pile-up in the FCC-hh tracker v3.03 (solid / dashed lines) as a
function of 7. For comparison, the effective pile-up in CMS is shown as well
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pile-up as calculated with the tkLayout software. For comparison, the performance of
the CMS detector and the reduction of the effective pile-up by possible use of timing
detectors are shown as well. Timing modules with 25 picoseconds time resolution
would give a similar effective pile-up as CMS would experience after the upgrade to
HL-LHC.

A more extreme, but technologically far more challenging timing resolution of 5

picoseconds pushes this limit even further.
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Chapter 6.

FCC Software

Modern high energy physics experiments depend on software for almost all of their
aspects, including detector design, data processing and analysis This chapter gives
an overview of FCC software and the developments contributed during the work on
this thesis. The technical aspects of the track reconstruction code used in the fol-
lowing chapter are then presented in more detail. A step-by-step description of the

HitChainMaker algorithm that was implemented is included.

6.1. Introduction

6.1.1. Design Principles

There are several requirements that software for future colliders should fulfill:

6.1.2. Transparency and Reproducibility

Preservation of the data recorded in an experiment is a strategic goal for high-energy
physics [62], as the recorded data is typically still used in studies long after data-
taking is complete (p. ex., the measurement of the number of light neutrino species
at LEP was updated over 30 years after it was first published [63]).

The lifetime of the software tools used to process the data can be extended by
creating versioned experiment software with clearly defined dependencies and run

environments.
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6.1.3. Computational Efficiency

Computing costs represent a non-negligible fraction of the financial budget for modern
high energy physics experiments. The ATLAS experiment uses approximately 4 x 108
CPUs for reconstruction and simulation, and the recorded data requires about 0.5
Exabyte of storage capacity [64]. This makes optimization of experiment software a
necessity. However exploiting the full potential of modern CPUs requires concurrent
software that can execute on several cores in parallel. Given the technological devel-
opments, multi-threading and other parallel execution models thus become especially

relevant for future experiment software.

6.1.4. Interoperability

Software development is a time-intensive process that encourages re-use of existing
solution in the form of software libraries. A number of high energy physics software
libraries already exist, which FCC software should make use of and contribute to.
Furthermore, FCC software is common to the hadronic, leptonic, and electron-hadron

colliders under study.

6.1.5. Fast and Full Detector Simulation

Different levels of performance and accuracy are called for when simulating larger
number detector designs. Both detailed (“full”) and parametric (“fast”) Monte Carlo

detector simulation must therefore be part of the software.

6.2. Overview of FCC Software Components

FCC software is a set of consistent software packages (a “stack”) written in C++
and Python, following best practices of high energy physics computing. The use of
the LCG software releases [65] to provide the dependencies ensures that the software
dependencies are transparent and readily available to users and developers. Like the
LCG releases, FCC software is deployed on CVMFS [66] to make it available on all
machines that provide access to CVMFS. This includes almost all HEP computing
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resources like the Worldwide LHC Computing Grid (WLCG) or the HTCondor cluster
at CERN.

6.2.1. Software Framework: FCCSW

The central part of FCC software is FCCSW, an application framework that allows
formulating complex simulation and reconstruction workflows, and is well adapted to
be deployed on large-scale computing resources such as the WLCG or batch systems.
FCCSW is based on Gaudi [67], a framework developed originally for the LHCb
experiment, but which has found more widespread use in other experiments including
ATLAS. Recent efforts to adapt Gaudi for concurrent data processing [68] make it a

good candidate for use in FCC software.

6.2.2. Event Data Model

The computing model of Gaudi emphasizes the separation between data and “algo-
rithms” (data processing steps within one event that can consume and create data
such as event generation, detector simulation and reconstruction). In order to have
consistent interfaces between algorithms, FCC software uses a dedicated event data
model (FCC-EDM). This event data model is implemented using the PODIO toolkit

library [69] and has been used as the format for all data in this work.

6.2.3. Generators

For FCC-hh, Pythia 8 [70] is used to simulate hard scatter events and hadroniza-
tion. Gaudi components for Pythia 8, conversion to and from HepMC [71] and user-
configurable single particle input to simulation have been added to FCCSW. All of
these components can make use of additional tools to smear vertex positions with any

given spatial and temporal distribution.

6.2.4. Simulation Libraries

In order to address the different needs within the design study, different simulation

libraries are integrated as algorithms in FCCSW. Delphes [72] is used for fast, pa-
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rameterized simulations of the detector response. A Delphes card parametrizing the
response of FCC-hh is included with FCC software.

Geant4 is used for detailed studies of the detector response. Full detector simulation
is computationally expensive, but the FCC software infrastructure allows mixing of
full and fast simulation based on detector regions [73]. Further Gaudi components

(“tools”) allow to specify user actions, physics lists and outputs for Geant4.

6.2.5. Detector Description

All detector geometries are implemented using the detector description toolkit DD4hep
[74, 75]. This allows for runtime configuration of detector parameters and interchange

of detector subsystems.

6.2.6. Analysis and RDataFrame

The analysis and n-tuple production of simulated data was initially done using the
Heppy framework [76], written in Python. While flexible, the performance of the
Python implementation in processing the large volume of data required was problem-
atic. With the RDataFrame classes, part of the ROOT library, [77] there is however a
strong alternative concept that provides the performance of compiled C++ code with
the flexibility of an interpreter. In order to use RDataFrame for FCC analyses, the
analyzers and I/O routines of Heppy needed to be ported to C++. This effort yielded

considerable speedup, as the following table shows:

Heppy CPU time [s] RDataframe CPU time [s] Speedup

287 6 48

6.3. Pile-up Infrastructure

Pile-up in FCC detector simulation is modeled by generating soft non-diffractive
events using Pythia 8, and smearing vertex times and position according to a dis-

tribution approximating the dimensions of the luminous region.
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Thus pile-up and other backgrounds can be generated and simulated as individual
events, but must then be overlaid to give the full description of a bunch crossing in the
detector as illustrated in Fig. 6.1 . This has the advantage that the cost of detector

simulation of the high volume of pile-up events only has to be incurred once.

Similar approaches have been taken in other experiments, for example the MarlinOverlay
package in use by CLIC/ILC [78].

In principle, the pile-up data may be overlaid after generation or simulation without
loss of accuracy. After reconstruction, a parameterized smearing would be necessary
to capture non-linear effects, making the program more similar to already existing

fast simulation solutions such as Delphes.

The pile-up overlay, implemented in FCCSW as PileupOverlayAlg, accepts gen-
erated particles and vertices and simulated hits and clusters. Due to the immutable
design of FCCSW data collections, new collections of merged data are created. The
only complication, which also precluded a more generic implementation that would
have overlayed all FCC data regardless of type, is the correct handling of relations

between physics objects, e.g. the correct association of a particle to one or two vertices.

The size of minimum bias events — approximately 10* tracker hits on average (see
Fig. 6.2) — is small enough (less than 1 GB on disk for 1000 events) to make storing
a large number of simulated bias event on disk and reading them on demand more
efficient than simulating the same events on the fly. Repeatedly overlaying the same
minimum bias introduces biases and inaccuracies in the simulation, which can however
be avoided with a sufficiently large pool. In FCCSW, the practice of randomizing the
order of in which minimum bias events are read further reduces any possible bias.
Running experiments have the additional option of using recorded data and overlay

them on the simulation [79].

During the simulation step, the program is still linear in runtime with respect to the
number of particles to be simulated. However the vertex space and time coordinates
can no longer be changed. For FCC-hh, the latest parameters [31] for the machine-
detector interface are implemented for use with the appropriate Gaudi component for
vertex smearing. The distribution of vertex coordinates is assumed to be uncorrelated,

and the number of pile-up events is assumed to follow a Poisson distribution.
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Pile-up Production
‘ HepMCConverter ‘
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‘ HepMCPFilter ‘
‘ HepMCConverter ‘
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Figure 6.1. Simulation workflow that adds pile-up from a pre-simulated pool of minimum
bias events. The names of the nodes refer to the Gaudi algorithms developed

for simulations in FCC software.
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Number of Tracker Hits

P N I TS NS S S T T SO SN ST S T N Y

0 200 400 600 800 1000
Pileup

Figure 6.2. Hit collection size after the overlay of n pile-up events. Due to the large

statistics even within one event with full pile-up, variations from the ideal

linear behavior are small.

6.4. Integration of A Common Tracking Software

(ACTS)

Like for many other areas, the FCC-hh can build on extensive tracking expertise
gained at the LHC. Several differences with regards to the LHC experiments make a
thorough study of the feasibility of current track reconstruction strategies necessary,
but they are a natural starting point for the FCC. The application of software devel-
oped for the LHC experiments to the FCC experiments not only reflects the trend of
more extensive inter-experiment collaboration on software, but is also a necessity in
order to create complex software with limited resources.

As a software toolkit for tracking in high-energy physics applications, “A Common
Tracking Software” (ACTS) [80] aims to modernize ATLAS tracking code while also
making it more accessible to external projects. The FCC design study is the first
instance of another experiment adopting ACTS outside of ATLAS. In the computing
environment of FCC, a consistent software stack compatible with the dependencies of
ACTS is built.

The external tracking routines are wrapped in dedicated Gaudi components. In-
terfaces between the FCC event data model and ACTS objects needed to be defined.

Due to the track reconstruction strategy employing the iterative Kalman filter, tracks
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Figure 6.3. 3D visualization of the FCC tracker, as translated into the tracking geometry
description of ACTS. Source: [80].

in the FCC framework are comprised of a set of track states, piece-wise continuous
helix segments modeled closely on the default parameterization in ACTS. The refer-
ences to tracking surfaces, which define some surface-local coordinates used in ACTS,
were substituted by a space point for greater flexibility in the event data model. Even
though large parts of the propagation code would need to be adapted, the internal
event data model of ACTS is, in principle, flexible with regards to the number of track

parameters.

The detector description toolkit DD4hep is used in FCCSW as a central source
of detector information. For faster turnaround in detector design, tkLayout [81],
the main tool for tracker design in FCC, was adapted to export central parameters
directly to a DD4hep-readable compact file which can be used in simulation, and, via
the DD4hep-plugin of ACTS, in reconstruction. Fig. 6.4 shows the agreement of the
full and specialised tracking geometry. The latter is visualized in Fig. 6.3. In order
to use simulated hits together with track extrapolation, the DD4hep plugin creates a

mapping between DD4hep volume IDs and pointers to tracking surfaces.

Track seeding, however, is not as of yet covered by ACTS and provided for FCC by

another external library, described in the next section.
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Figure 6.4. Comparison of the total number of detector hits along straight ideal tracks
inside the FCC-hh track detector v3.03 as a function of the pseudorapidity of
the track, calculated in tkLayout (black circles) from the original design and
in ACTS (black line) from the automatically derived tracking geometry. The
number of hits per subsystems are drawn in red, blue and green for inner,

outer and forward tracker respectively.
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Figure 6.5. Schema of the basic concepts of the HitChainMaker algorithm. Doublets of

hits (black points) are created between seeding layers (red lines).
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6.5. Track Seeding Using Cellular Automata

The basic concepts of the HitChainMaker algorithm that is at the core of the Trick-

Track library [82] are illustrated in Fig. 6.5. Its usage for the CMS experiment is

described in detail in reference [83].

6.5.1. Description of the HitChainMaker Algorithm

The HitChainMaker (HCM) algorithm consists of the following steps:

70

. [Input and Output]. The input to the algorithm is a set of data points H

consisting of measurements from the track detector (Hits), the output is a set
of subsets of those points (Track Seeds). The hits in each of these subsets are

part of a track candidate.

. |Group in Layers|. Partition the set H into layers, so that two hits in the same

partition are unlikely to belong to the same track. This reflects the physical

layout of the tracking detector, which usually has a layered structure.

. [Layer Graph|. Construct a directed graph with the layers as nodes and the

possible paths a track could take as edges. If the layers are hermetic, there
should only be nodes between neighboring layers. If there is a possibility that
hits are missing on any one layer, there should be edges to the next-neighbors

as well.

. [Doublet Creation]. On every edge of the layer graph, create all pairs of one hit

on the inner and one hit on the outer layers that pass the doublet filter.

. [Cell Creation and Connection]. For each doublet, create a cell. The cell consists

of the addresses of the inner and outer hit forming the doublet, a list of addresses
of cells that share the inner or the outer hit with this cell (the inner and outer
neighbors), and an integer counter representing the state of the cell, initially set

to zero. Each cell is also associated to an edge in the layer graph.

. [Cellular Automaton Update]. Starting from the root node(s) of the graph,

increment the state of each cell if its state was equal to the state of one if its

inner neighbors, provided it has at least one inner neighbor. Repeat N times.
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7. [Collection of Track Seeds|. Create Trackseeds for each connected set of cells
with length N.

The detector topology is described by a graph of connected tracking layers. Infor-
mation on the exact detector geometry only enters via the hit position, eliminating
the need for a detailed geometry description for any experiment that measures three
dimensional space points. The cells acted on by the algorithm are formed by doublets
of hits on neighboring layers and connections between doublets sharing one hit. The
number of possible track candidates is limited both in the doublet creation step and
while connecting the cells, taking advantage of the geometrical constraints on physical
tracks originating from the interaction region. The default geometric filters included
in the libraries will be useful for most cylindrical detector geometries. Still, this filter-
ing step is easily extensible and adaptable as any classifier for two and three hits can
be used in conjunction with TrickTrack. To extract tracklets of length n from the
connected cells, the HitChainMaker performs n evolutions of a cellular automaton, in-
crementing the state of each cell with same-state inner neighbors. A depth-first search

starting from cells whose state equals n then yields all possible track candidates.

6.6. Computational Performance of the

HitChainMaker Algorithm

The performance of reconstruction software is intertwined with the detector designs
and requirements. Nevertheless it is possible to reframe some steps of the reconstruc-
tion program in terms of simple data structures and geometric quantities.

Relying almost exclusively on local operations on doublets and triplets of hits, the
HitChainMaker algorithm is parallelizable and adaptable to multi-core computing
hardware. However, the computing performance is still dominated by the classifier
used to suppress fake tracks, which will be discussed in Ch. 7. As a check of the
efficiency of the implementation itself, Fig. 6.6 shows the pure computing performance
for varying fake rates at constant input size (or equivalently varying input size at

constant fake rate).
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Figure 6.6. CPU time of HitChainMaker execution for a generic tracker as a function of
the result vector size. The use of the result vector size as variable eliminates

the dependency of the runtime on the efficiency filters.
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Figure 6.7. CPU time of the Riemann fit routine as a function of matrix size.

Since it relates the runtime to the output size of the program (i.e. the number
of found track seeds, as opposed to the input size, which would be the number of
track hits), the linear behavior of the performance in Fig. 6.6 does not mean that
the complexity of the algorithm is linear. However, it does indicate that there are
no undue inefficiencies in the implementations, which would present themselves as

non-linearities in the scaling of the runtime with found track seeds.

6.6.1. Riemann Fit on Track Seeds

To fit the five track parameters to track seeds, an implementation of the Riemann fit
[84] is employed. This method is fast, but limited to homogeneous fields, which does
not subtract from its usefulness for seeding in the inner tracker.

Fig. 6.7 shows the execution time of one fit as a function of the number of points to
fit. Due to the use of fixed size matrices of the hit coordinates, limiting the maximum
number of points to fit can have a noticeable impact on performance. The Riemann

fit can thus be used to fit a large number of track candidates consisting of four hits.
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6.6.2. Use of KDTrees for Doublet Creation

The data structure used to store and manipulate hit data can have a significant
impact on the overall tracking performance. Especially at large scales such as full
pile-up events at FCC-hh the use of data structures that are well adapted to the
memory model is a requirement.

In the case of track seeding, one operation that must be optimized is the creation
of doublets. This involves the look-up and filtering of hits by coordinates, as they
must be compatible with certain geometric constraints. Thus for each hit on the inner
layer all hits on the outer layer are examined and checked by the geometric classifier.
If it rules them compatible, a doublet is created for these two hits and processing
continues with the next hit.

The most straightforward illustration would consider each combination of hits on
two layers by means of a nested loop over two hit containers. A more sophisticated
alternative is the use of a K-Dimensional Tree (KDTree) with K = 2, 3 or 4 depending
on the dimensionality of the available hit information. This classic data structure can
be thought of as a binary search tree with multiple levels that partition different
dimensions at each level, as illustrated in Fig. 6.8 with the coordinates RPhi, T and
Z that are used for seeding in FCC-hh.

The performance profile, measured in term of the CPU time needed to create dou-
blets from a certain number of hits, is shown in Fig. 6.9. Although the speedup is
evident, this implementation will yield the same number of doublets and will not
decrease the number of fake seeds, which are the bottleneck in the reconstruction.

Nevertheless, Fig. 6.9 shows that an efficient implementation of track reconstruction
for the FCC-hh can benefit from of the KDTree.

74



6.6. Computational Performance of the HitChainMaker Algorithm

RPha

Figure 6.8. Schema of the KDTree data structure as used for FCC-hh. Each hit is stored as
a node in the tree, and each plane introduces a splitting in a different variable,
so that all hits with an RPhi greater than that of the hit represented by the
top node are stored in the right subtree and all hits with a smaller RPhi in

the left subtree.
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Figure 6.9. Impact of data structures on doublet creation performance. The execution
time of the doublet creation routine is plotted versus the number on hits
on each of the seeding layers. For this benchmark, an equal number of hits
has been distributed randomly on the two seeding layers. Shown in green is
the naive implementation of nested loops, blue points represent the identical

program implemented using a KDTree data structure to select the second hits.
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Chapter 7.

Timed Track Seeding: Performance
Results for FCC-hh

The overall momentum resolution and other performance characteristics of the ref-
erence tracking detector have been established in Ch. 5. This chapter contains the

results of a simulation study of track seeding with timing detectors at FCC-hh.

7.1. Introduction

In collider experiments, the computing performance of the reconstruction software is
not typically a design requirement of the detector. Computing hardware and software
develop at a rapid pace and capacities can usually be increased as the need arises.
For FCC-hh, however, this will no longer be true: The stark increase in pile-up comes
with a combinatorial increase in the need for computing resources, which cannot easily
be compensated with larger computing infrastructures alone. Furthermore, current
trends in computing hardware tend towards more concurrent computing, such as
increased number of CPU cores, not increased clock speeds. The full potential of
these resources can only be exploited with multithreaded applications, which requires
developments of dedicated reconstruction software.

The performance of a detector and the corresponding reconstruction algorithm has
several aspects: It has to be efficient, i.e. reconstruct a sufficient fraction of the parti-

cles and maintain a low rate of false positives (“fakes”). The measurements of particle
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momenta and relevant other quantities must be precise and have low uncertainties. A
final aspect of performance is the resource utilization of the reconstruction algorithm,
including CPU time and memory usage of the program. In off-line reconstruction
applications, the throughput, i.e. how many events can be processed per unit of time
with given resources, is the most important characteristic. In other applications, for
example in reconstruction routines used for triggering, the latency, i.e. the time needed
to process one event is the first performance metric. The optimal detector design is
an appropriate trade-off between these distinct requirements .

The computational efficiency of the TrickTrack implementation of the HitChain-
Maker algorithm has been investigated in Ch. 6.6. Here, the software is applied to
the problem of reconstructing single particles in the high pile-up setting of FCC-hh.

7.2. Methods

Simulated data is used to estimate the performance of the FCC-hh track detector
concept. The software for this study is now part of the FCC software framework, for
which a more detailed description can be found in Ch. 6. The detector simulation is
carried out using the Geant4 toolkit [85] as integrated in the FCC software framework,
using the DD4hep [74] model of the tracker geometry with the layout v3.03 [58]. The
FTFP BERT physics list of Geant4 is used for the interaction of particles with matter.
Minimum bias events were generated with Pythia 8 [33] and overlayed in the FCC
software framework to form the pile-up background. The magnetic field is taken to
be a homogeneous solenoidal field of 4 T throughout the tracker volume, and the
actual seeding is performed using the HitChainMaker algorithm implemented in the
TrickTrack library.

7.2.1. Seeding Parameters and Variations

Track seeds are reconstructed from simulated hits on the seeding layers of the tracker,
which are formed by the inner barrel and endcap tracker. Here, for simplicity, only
the four innermost barrel layers are considered.

The track seeding step of the reconstruction program can limit the number of fake
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Figure 7.1. Definition of the coordinate Az of the hit doublet formed from two hits on

neighboring layers.

seeds in two stages: During the construction of hit doublets, the coordinates of the
hit pairs can be used to reject the given pair. At this step, only the differences A¢

and Az in azimuthal and longitudinal hit coordinates are used.

The radial coordinate is fixed by the detector geometry (for a barrel layer; in case
of an endcap layer the radial coordinate can vary and the longitudinal coordinate is
fixed). The difference in hit timing At is used here to mitigate pile-up in the FCC-
hh tracker. The filter itself is a simple cut-off on the coordinate differences: The
difference A¢ in azimuthal angle will tend to zero for high-energy tracks and thus
has to be chosen to allow a certain minimum transverse momentum to pass. The
difference Az in the longitudinal hit coordinate depends on the detector geometry

and track inclination. Care must be taken not to exclude forward particles.

Once hit doublets between all seeding layers are formed, the HitChainMaker con-
nects doublets on neighboring layers sharing a middle hit, forming hit triplets. Again
filters can be applied to immediately reject track seeds. With three hits available to
provide information, more complex filters can be used. In this study, two geometric
filters were used as in CMS [83]. First, a circle is constructed from the projection of
the hits in the transverse plane (see Fig. 7.2). The curvature of the circle and whether

it intersects the luminous region are then used as criteria to discriminate fake seeds.

Second, the alignment of the hits in the longitudinal direction is used as a criterion
for straight tracks (Fig. 7.3).
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Figure 7.2. Geometry of the triplet curvature and intersection filter. The radius of the
circle formed by hits h1, h2 and h3 as well as the intersection with the luminous

region (marked as a cross-hatched area) is checked. Source: [83].

A

Figure 7.3. Geometry of the triplet alignment filter. The area of the green triangle com-
posed of the hit triplet A, B, C is compared against the parameter thetaCut.
Source: [83].
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7.2. Methods

Finally, the timing information can be used to select hits that align also in the
temporal plane.

The parameters used in the configuration of the seeding are listed in the following
table:

Parameter TRKCFGStrict TRKCFGBaseline TRKCFGLoose
phiCut [rad] 4.0 2.0 1.0
ptMin [GeV] 2.0 1.0 0.5
region origin radius [mm)] 0.004 0.002 0.001
hardPtCut [GeV] 12.0 6.0 3.0
thetaCut [rad] 0.8 0.4 0.2
timingCut [ps] 5 30 100

Apart from the baseline configuration TRKCFGBaseline, which is very close to the
one used for track reconstruction in CMS, the calculations have been repeated with
two variations, TRKCFGLoose and TRKCFGStrict. This is done in order to gauge the
influence of these geometric variables. TRKCFGLoose is a variation of the baseline
that relaxes all filtering criteria, resulting in an increased acceptance but also an
increased fake rate. The parameter ptMin has a direct correspondence to the minimum

transverse momentum of a particle (in GeV) that would create a track seed.
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7.2.2. Time-of-Flight Corrections

The time of flight between layers is of the order of a few nanoseconds, and can thus be
large compared with the time differences between pile-up and signal collisions (up to
several hundred picoseconds). In order to facilitate the use timing measurements to
reduce the fake rate the time of flight between tracking layers is corrected for, so that
cuts can be applied directly on the corrected time coordinate. This is done via the
position information associated with the hits. The pathlength divided by the speed of
light is subtracted from time difference to yield the corrected time difference Aty .
Barring deviations from the ideal, straight line trajectory this results in a corrected
time difference that is close to zero for hits along the same track and can be used for
filtering. The distribution of uncorrected and corrected time differences is shown in
Fig. 7.4.

7.3. Results

7.3.1. Efficiency of Purely Geometric Track Seeding

The impact on tracking efficiency of filters composed of cuts on the various seeding
parameters are shown in Fig. 7.5 and Fig. 7.6. Fig. 7.7 offers more detail on p;-n
correlations of inefficiencies.

It is important to note that the result validates the assumed performance used in

the parametrization of the detector performance in the Delphes fast simulation.

7.3.2. Filtering Potential of Doublet Variables

The cellular automaton described in the last chapter operates on doublets, pairs of
hits on neighboring detector layers. Fig. 7.8 shows A¢ as well as the difference in
longitudinal coordinate Az and difference in temporal coordinate At, further features
that can be used in the efficient creation of doublets. The distributions are plotted
both for the random combinations of pile-up hit coordinates as well as for physical
tracks. These are very broadly defined as the trajectories of any particles that fall

within the design acceptance of -6 < 7 < 6, originate in the luminous region and
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Figure 7.4. Scatter plots of the difference in path length AR of hit doublets versus their
difference in time coordinate At. Fig. (a) shows the absolute time difference
between two hits belonging to single muons, Fig. (b) shows the difference
in the time-of-flight corrected coordinate At.,.», where the influence of the
trajectory on the time difference is almost negligible - the time differences

reflect ideally only the different collision times.
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© o o o

seeding efficiency

Figure 7.5. Single particle tracking efficiencies as a function of pseudorapidity 7. The
baseline configuration of the track seeding algorithm is shown along a more

exclusive and a more inclusive variant (see text for details).
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Figure 7.6. Single particle tracking efficiencies as a function of transverse momentum p;.
The baseline configuration of the track seeding algorithm is shown along a

more exclusive and a more inclusive variant (see text for details).
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Single Particle Seeding Efficiency
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Figure 7.7. 2D Graph of seeding efficiencies as a function of both transverse momentum
p¢ and pseudorapidity 7 in the FCC-hh tracker v3.03. A noticeable efficiency

drop around 7 = 4 is present for all momenta.
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possess a transverse momentum p; > 0.5 GeV.

In Fig. 7.11, another parameter is used to filter fake seeds: the curvature of a hit
triplet in the transverse plane. It is apparent that the curvature correlates with the
transverse momentum, but also that any cut on this parameter will lose some tracks

that are strongly curved.

7.3.3. Displaced Vertices

Displaced vertices are of interest to some physics searches, notably searches for long-
lived particles [86]. Fig. 7.12 shows the acceptance of displaced vertices and confirms
that they can be reconstructed as long as they are within four seeding layers of the

tracker.

7.3.4. Comparison of Fake Rate with Timed and Geometric
Filters

Fig. 7.13 examines the baseline configuration and shows the scaling of the number of
fake doublets with increasing pile-up. Timing capabilities are added here to show a
significant reduction in the number of fake doublets. The effect of timing resolution is
detailed in Fig. 7.14, which measures the same quantity as a function of the possible

cut on 7.

7.3.5. Efficiency of Timed Seed Filters

The additional timing cuts should ideally not decrease tracking efficiency. Fig. 7.15
shows that the efficiency is unaffected for timing cuts down to 30 ps. Below this value,

the efficiency decreases significantly, as seen in the curve for timing cuts of 10 ps.

7.4. Discussion

Like any classifier, the filters presented in this chapter must balance the rate of false
negatives and false positives. In this case, the track seeding package was written

with the aim of approximately reproducing the efficiencies used to parameterize the
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Figure 7.8. Scatter matrix plot for the doublet coordinates Az and A¢. These coordinates

are essentially uncorrelated, as expected for an isotropic particle source.
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Figure 7.9.

Scatter matrix plot for the doublet coordinates Az and At A strong correlation
reflects the time-of-flight component of the hit time information. The doublets
from the pile-up hit combinations may also feature inner hits with later timing
than the outer hit (as they originate from different collisions) thus the slope

of the correlation is also seen mirrored and moved.

89



Chapter 7. Timed Track Seeding: Performance Results for FCC-hh

g E 1.5:
< s T
0.5~
Ol = .

-0.5- -0.5-
~15 -1

_1 5;\ L1 \»;‘/ ;F\I\}\'I/{/‘;.X:} Tkw\lwi\)“\ L L/\”“\\:"j\\rv\\‘ —1 5:\ [ R R R S I N S R B R

0 05 1 15 2 25 3 0 05 1 15 2 25

A ¢ [rad] A ¢ [rad]

(a) (b)

Figure 7.10. Scatter matrix plot for the doublet coordinates At.r» and A¢. The corrected

time difference can be used in cuts.
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Figure 7.11. Plot of hit triplet curvature versus the particle transverse momentum. The

minimum curvature is used as a parameter to filter for fake seeds.
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respect to the vertex being within four seeding layers.
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Figure 7.15. Efficiency of timed track seed filters for different timing cuts. With a filter
window of 30 picoseconds (solid line), the efficiency curve is almost identical

to the efficiency corresponding to geometric filters only (open circles).

93



Chapter 7. Timed Track Seeding: Performance Results for FCC-hh

Delphes fast simulation (between 0.8 and 0.95 for all particles with pr > 500 MeV).
It is possible to increase the acceptance by including more layers as root layers for
the seeding, as shown in Fig. 7.12. This comes at a modest cost - if the seeding
between any three layers is computationally feasible, then adding additional seeding
layers requires only linearly more resources.

There is one region in the non-tilted tracker layout, however, that suffers from
inefficiencies that cannot easily be rectified with changes to the seeding configuration.
This region, immediately apparent in Fig. 7.5, extends from 3 < |n| < 4, which
coincides with the furthest extend of the inner barrel layer in the forward region. Due
to the shallow crossing angle, particles traverse considerably more material on their
trajectory, as is also seen in the material budget presented in Ch. 5. The conclusion is
evidently that scattering processes are too intense in this region. Indeed, examining
the geometric filters in detail shows that the curvature of seeding hit triplets is the
dominant veto, and the tails of the curvature distribution are very wide in this critical
region, as detailed in Fig. 7.16.

The tilted layout is here preferable in that reduces the crossing angle and the
corresponding scattering rate in this region. To a minor extend, this also concerns
the very forward region (|n| > 5). However, here the beam-pipe already gives rise to
scattering. It is thus not possible to mitigate with the tracker design.

The possibility of reduction of the fake rate to practical levels is then investigated.
While the complexity of finding pairs between n hits on each layer is only n2, an
efficient classifier is much harder to implement for the limited information that two
hits provide. A filter on the angular difference of the azimuth ¢ depends sensitively on
the minimum p; to be reconstructed, but can already reduce the number of possible
doublets by at least one order of magnitude. While z alone provides little information
to limit the fake rate, the linear relationship between z and ¢ significantly constrains
the search space of relevant doublets. The use of At naturally requires timing detectors
in use in all seeding layers.

Even if the overall scaling of the number of fake seeds is unchanged, of course,
the reduction in combinatorics helps to limit the resources needed for reconstruc-
tion. Simple cuts on the doublet parameters can give an acceptable result, but a true

multi-variate analysis exploiting the correlations between variables has the potential
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to further optimize performance. As the FCC track reconstruction software becomes
more complete and components such as iterative Kalman Filters are added, the im-
plications of the track seeding performance will become immediately obvious. The
effects of inhomogeneities in the magnetic field map should also be investigated in
further studies, and while the reconstruction of all detectable charged tracks may be
abandoned in the future in favor of more selective solutions that only use tracks in

regions of interest, the goal is currently the reconstruction of all tracks.
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Chapter 8.

Conclusion

This thesis examines the reliability and efficiency of track reconstruction with the
FCC-hh detector concept proposed in the conceptual design report, and the possi-
ble impact of timing detectors. Tracking detectors at the FCC-hh must work in an
environment of y = 1000, i.e., on average, they are exposed five times more pile-up col-
lisions than at the HL-LHC. As current approaches to pile-up mitigation scale poorly,
the question of computational performance and feasibility of track reconstruction in
this extreme pile-up environment arises. While running the complete workflow of full
simulation and reconstruction is the optimal test, the development of software capable
of doing this was beyond the scope of this work, given the early stage of the overall
FCC study, and will be a goal for a future technical design report. Instead, this work
uses a more selective approach to identify track seeding as the most critical part of
the reconstruction software in a high pile-up application, and develop and study those
first.

A necessary requirement to study the reconstruction is to characterize the collisions
and machine-detector interfaces. This is done to a quantititative study of the prop-
erties of pile-up at FCC-hh in Ch. 3, which shows that the average pile-up collision
at FCC-hh is similar to the ones at LHC, although the products are oriented slightly
more in the forward direction, and the average transverse momentum is higher. The
spatial and temporal distribution of pile-up collisions across the beam-spot, which has
implications for pile-up mitigation, is calculated as well.

The track detector design, which constitutes the baseline for the FCC-hh conceptual

design report, and analytical studies of its performance are presented in Ch. 5, while
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Ch. 4 reviews the fundamental concepts or track reconstruction. The additional value
of timing detectors is evaluated using approximate analytical methods that calculate
a reduced, effective pile-up in presence of pile-up mitigation using timing information.

In order to refine these approximate calculations new software developments were
needed, which were carried out and documented in Ch. 6. In particular, the effi-
cient simulation of pile-up relies on infrastructure to use pre-simulated minimum bias
events, which was added to the software framework in the course of this thesis. Part
of these developments is tricktrack, a track seeding library, which encapsulates code
from the CMS experiment. Its performance characteristics are described in order to
establish a baseline computing performance for the track seeding stage of the recon-
struction.

The flexibility of the newly developed track seeding library finally allowed for a
full simulation study of track seeding with timing information. The results in Ch. 7,
comparing different levels of pile-up and timing capabilities of the detector, confirm
the more approximate analytical results and show that an ambitious but realistic
timing resolution of 30 ps can reduce the pile-up to an effective environment similar
to the HL-LHC, i.e. u ~ 200.
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Appendix A.

FCC Software Stack

package-
name version homepage description
hep-acts- 0.7.1 http://acts.web.cern.ch ACTS is a common
core tracking software for
HEP experiments.
hep-clhep 2.4.1.0 https://proj-clhep.web. CLHEP is a class library
cern.ch/proj-clhep/ for High Energy Physics.
hep-dag 0.1-0 https://github.com/ DAG is a C++ library
HEP-FCC/dag for directed acyclic
graphs.
hep-dd4hep 1.08 https://cern.ch/dd4hep  DD4hep is a detector
description toolkit for
HEP.
hep-delphes 3.4.2.16 https://cp3.irmp.ucl. Delphes, a framework for

ac.be/projects/delphes

fast simulation of a
generic collider

experiment.
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Appendix A. FCC Software Stack

package-
name version homepage description
hep-fastjet 3.3.0 http://fastjet.fr/ Fastjet, a software
package for jet finding in
pp and e+e- collisions.
hep-fcc- 0.0 https://github.com/ Command line tools for
physics HEP-FCC/fcc-physics physics studies at the
FCC.
hep-fccedm 0.5.4 https://github.com/ FCC-edm is the common
HEP-FCC/fcc-edm event data model library
for the Future Circular
Collider.
hep- 0.0.1 https://github.com/ FCC-EDM datatypes
fccedmlegacy HEP-FCC/fcc-edm-legacy needed for legacy data.
hep- 0.0.1 https://github.com/ Physics analyses for the
fcchhanalyses FCC-hh-framework/ FCC-hh and HE-LHC,
FCChhAnalyses written in heppy.
hep- 0.0 https://cern.ch/fccsw Metapackage configuring
fccrepoconfig the ubuntu repository for
FCC software.
hep-fccsw- 0.0 https://gitlab.cern.ch/ Geant components for
crmc vavolkl/ the use of crmc in
fcchh-study-SimCRCM FCCSW.
hep-fcesw 0.9.1 https://github.com/ FCCSW is the software

100

HEP-FCC/FCCSW

framework for the future

circular collider.


http://fastjet.fr/
https://github.com/HEP-FCC/fcc-physics
https://github.com/HEP-FCC/fcc-physics
https://github.com/HEP-FCC/fcc-edm
https://github.com/HEP-FCC/fcc-edm
https://github.com/HEP-FCC/fcc-edm-legacy
https://github.com/HEP-FCC/fcc-edm-legacy
https://github.com/FCC-hh-framework/FCChhAnalyses
https://github.com/FCC-hh-framework/FCChhAnalyses
https://github.com/FCC-hh-framework/FCChhAnalyses
https://cern.ch/fccsw
https://gitlab.cern.ch/vavolkl/fcchh-study-SimCRCM
https://gitlab.cern.ch/vavolkl/fcchh-study-SimCRCM
https://gitlab.cern.ch/vavolkl/fcchh-study-SimCRCM
https://github.com/HEP-FCC/FCCSW
https://github.com/HEP-FCC/FCCSW

package-

name version homepage description
hep- 0.0.1 https://github.com/ FlatTreeAnalyzer is a set
flattreeanalyzer FCC-hh-framework/ of scripts for precessing
FlatTreeAnalyzer flat trees produced with
the Heppy framework.
hep-gaudi v29r2 https://gitlab.cern.ch/ Gaudi, a event
gaudi/gaudi processing framework for
HEP experiments.
hep-geant4 10.4.2 https: Geant4 is a toolkit for
//geant4.web.cern.ch/ the simulation of the
passage of particles
through matter.
hep- 0.0 https: Required data sets
geant4data //geant4.web.cern.ch/ needed to run Geant4.
hep-hepmc 2.06.09 https://lcgapp.cern.ch/ HepMC is a C++ Event
project/simu/HepMC/ Record for Monte Carlo
Generators.
hep-heppdt 2.06.01 https://lcgapp.cern.ch/ HepPDT isa C++
project/simu/HepPDT/ Particle Data Table.
hep-heppy 2.0.1 https://github.com/ Heppy is a python

HEP-FCC/heppy

analysis framework for

high energy physics
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package-
name version homepage description
hep- 2.6.2 https: Madgraph is a framework
madgraph //cp3.irmp.ucl.ac.be/ for computations of cross
projects/madgraph/ sections, the generation
of hard events and their
matching with event
generators.
hep-podio 0.9.0 https://github.com/ PODIO is a generator for
HEP-FCC/podio plain-old-data-based
data models.
hep-pythia8 2.4.0 http://home.thep.lu.se/ Pythia is a standard tool
Pythia/ for the generation of
events in high-energy
collisions.
hep-root 6.16.0 https://root.cern.ch ROQOT: a modular
scientific software toolkit.
hep- 1.7.1 https://github.com/HSF/ HEP track seeding
tricktrack TrickTrack library for pattern
recognition with Cellular
Automata.
hep-vc 1.3.2 https: SIMD Vector Classes for
//github.com/VcDevel/Vc C++
hep-veccore 0.4.2 https://gitlab.cern.ch/ SIMD Vectorization
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https://github.com/VcDevel/Vc
https://github.com/VcDevel/Vc
https://gitlab.cern.ch/VecGeom/VecCore
https://gitlab.cern.ch/VecGeom/VecCore

package-

name version homepage description

hep-vecgeom 0.05.01 https://gitlab.cern.ch/ VecGeom, the vectorized
VecGeom/VecGeom geometry library for
particle-detector

simulation (toolkits).
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Figure A.1. A simplified diagram showing the interdependencies of HEP/FCC software
packages
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Appendix B.

Technical Specification of Tracker
Layout

The following Tables: B.1,B.2,B.3 (Barrel) and B.4,B.5 (End-cap) provide the de-
tailed documentation of tracker layout parameters [58, 87]. Several types of detector
modules are assumed in the layouts — of various shapes, sizes, granularity; their sum-

mary is given in Tables': B.6 and B.7.

1The parametric description of wedge-shaped pixel regions is only approximative and more realistic
design is still expected.
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Inner tracker - flat layout:

BRL Layer: 1 2 3 4 5 6 Total (-z; +z)
Ravg [mm] 25.0 60.0 100.0 150.0 270.0 400.0
Rpin [mm] 23.3 58.3 98.3 148.3 261.1 391.1
Rmax [mm] 27.5 63.0 102.5 152.3 280.1 409.7
Zmin [mm)] —685.0 —820.0 —820.0 —820.0 —820.0 —820.0
Zmax |mm] +685.0 +820.0 +820.0 +820.0 +820.0 +820.0
Niods 14 16 26 38 34 50
Nomodules /rod 20 40 40 40 17 17
Nmodules 280 640 1040 1520 578 850 4908
Outer tracker - flat layout:
BRL Layer: 7 8 9 10 11 12 Total (-z; +z)
Ravg [mm] 530.0 742.4 937.2 1132.0 1326.7 1539.6
Rpyin [mm] 521.1 733.5 928.0 1122.7 1317.4 1530.3
Rmax [mm] 541.4 753.1 947.9 1142.5 1337.0 1549.7
Znin [mm)] —2250.0 —2250.0 —2250.0 —2250.0 —2250.0 —2250.0
Zmax |mm] +2250.0 +2250.0 +42250.0 +2250.0 +2250.0 42250.0
Niods 34 46 58 70 82 96
Npmodules /rod a7 47 47 47 47 47
Npodules 1598 2162 2726 3290 3854 4512 18142
Inner tracker - tilted layout:
BRL Layer: 1 2 3 4 5 6 Total (-z; +z)
Ravg [mm] 25.7 60.0 100.0 150.0 260.0 380.0
Rpin [mm] 22.9 46.7 86.7 136.8 207.8 328.7
Rmax [mm] 29.7 74.4 114.0 163.7 313.2 432.1
Zmin [mm)] —800.0 —800.0 —800.0 —800.0 —728.7 —800.0
Zmax [mm] +-800.0 +800.0 +800.0 +800.0 +728.7 +800.0
Neods 14 18 28 40 38 54
Niodules/rod 29 25 29 35 11 13
Nmodules 406 450 812 1400 418 702 4188
Outer tracker - tilted layout:
BRL Layer: 7 8 9 10 11 12 Total (-z; +z)
Ravg [mm] 530.0 742.4 937.3 1132.0 1326.8 1539.9
Rpmin [mm] 475.0 688.4 884.5 1080.8 1277.0 1530.6
Rmax [mm] 587.1 798.0 991.3 1184.4 1377.4 1550.0
Zmin [mm)] —2300.0 —2290.7 —2300.0 —2300.0 —2300.0 —2299.6
Zmax [mm] +2300.0 +2290.7 +2300.0 +2300.0 +42300.0 +2299.6
Nrods 36 50 62 74 86 96
Niodules/rod 25 29 33 35 37 47
Nmodules 900 1450 2046 2590 3182 4512 14680

Table B.1.:

Barrel layers: Inner and Outer Tracker in flat (v3.03) and tilted (v4.01) layouts.

Subscripts: min, mazr and avg correspond to minimum, maximum and average
position, respectively. A layer consists of several ladders (rods), a ladder of a
set of modules, arranged to rings in tilted layout.
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Layer 1 Ring: 1 2 3 4 5 6 7 8 9 10 11 12 13
Vg [deg] 0.0 0.0 0.0 0.0 0.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Rinner [mm] 24.0 24.0 24.0 24.0 24.0 25.4 25.4 25.4 25.4 25.4 25.4 25.4 25.4
Router [mm] 26.0 26.0 26.0 26.0 26.0 26.4 26.4 26.4 26.4 26.4 26.4 26.4 26.4
|Zavg| [mm] 0.0 24.4 48.7 73.1 97.4 126.3 163.2 206.8 258.3 319.2 388.5 468.0 559.4
14 15
10.0 10.0
25.4 25.4
26.4 26.4
664.2 787.4
Layer 2 Ring: 1 2 3 4 5 6 7 8 9 10 11 12 13
Vi1 [deg] 0.0 0.0 0.0 0.0 0.0 0.0 70.5 70.5 79.2 79.2 83.9 83.9 83.9
Rinner [mm)] 59.0 59.0 59.0 59.0 59.0 59.0 59.5 59.5 59.5 59.5 59.5 59.5 59.5
Router [mm] 61.0 61.0 61.0 61.0 61.0 61.0 60.5 60.5 60.5 60.5 60.5 60.5 60.5
|Zavg| [mm] 0.0 24.4 48.7 73.1 97.4 121.8 149.1 197.1 267.7 375.2 482.1 6199 796.9
Layer 3 Ring: 1 2 3 4 5 6 7 8 9 10 11 12 13
Vi1 [deg] 0.0 0.0 0.0 0.0 0.0 0.0 58.3 58.3 67.5 67.5 74.8 74.8 80.0
Rinner [mm)] 99.0 99.0 99.0 99.0 99.0 99.0 99.5 99.5 99.5 99.5 99.5 99.5 99.5
Router [mm] 101.0 101.0 101.0 101.0 101.0 101.0 100.5 100.5 100.5 100.5 100.5 100.5 100.5
|Zavg| [mm] 0.0 24.4 48.7 73.1 97.4 121.8 146.8 179.5 219.2 2689 331.1 410.6 512.0
14 15
80.0 84.0
99.5 99.5
100.5 100.5
642.6 796.9
Layer 4 Ring: 1 2 3 4 5 6 7 8 9 10 11 12 13
Yii1p [deg] 0.0 0.0 0.0 0.0 0.0 0.0 46.8 46.8 56.0 56.0 63.6 63.6 69.9
Rinner [mm] 149.0 149.0 149.0 149.0 149.0 149.0 149.5 149.5 149.5 149.5 149.5 149.5 149.5
Router [mm] 151.0 151.0 151.0 151.0 151.0 151.0 150.5 150.5 150.5 150.5 150.5 150.5 150.5
|Zavg| [mm] 0.0 24.4 48.7 73.1 97.4 121.8 146.4 174.5 205.6 240.8 281.0 3274 380.9
14 15 16 17 18
69.9 74.9 74.9 78.6 78.6
149.5 149.5 149.5 149.5 149.5
150.5 150.5 150.5 150.5 150.5
443.7 517.1 603.6 693.4 796.1
Layer 5 Ring: 1 2 3 4 5 6
Vi1 [deg] 0.0 0.0 43.9 43.9 65.5 65.5
Rinner [mm)] 257.5 252.5 255.0 255.0 255.0 255.0
Router [mm] 267.5 262.5 265.0 265.0 265.0 265.0
|Zavg| [mm] 0.0 99.9 195.6 319.1 475.0 700.1
Layer 6 Ring: 1 2 3 4 5 6 7
Yiine [deg] 0.0 0.0 33.5 33.5 53.1 53.1 63.1
Rinner [mm] 3775 3725 375.0 375.0 375.0 375.0 375.0
Router [mm] 387.5 3825 385.0 3850 3850 385.0 385.0
|Zavg| [mm] 0.0 100.7 198.6 310.7 436.1 591.8 770.2

Table B.2.: Barrel layers: detailed parameters of Inner Tracker in tilted (v4.01) layout.
Rinner and Royter describe the central radial position of inner and outer ladder
ring module, respectively; inner/outer correspond to an even/odd or odd/even

ladder ring module within the given barrel layer.
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Appendix B. Technical Specification of Tracker Layout

Layer 7 Ring: 1 2 3 4 5 6 7 8 9 10 11
Vg [deg] 0.0 0.0 0.0 34.1 34.1 49.2 49.2 60.8 60.8 69.5 69.5
Rinner [mm] 522.5 527.5 522.5 525.0 525.0 525.0 525.0 525.0 525.0 525.0 525.0
Router [mm] 532.5 537.5 532.5 535.0 535.0 535.0 535.0 535.0 535.0 535.0 535.0
|Zavg| [mm] 0.0 101.8 202.0 303.7 419.4 545.2 691.4 857.6 1055.9 1287.6 1567.3
12 13
75.6 75.6
525.0 525.0
535.0 535.0
1890.0 2276.2
Layer 8 Ring: 1 2 3 4 5 6 7 8 9 10 11
Yyt [deg] 0.0 0.0 0.0 0.0 31.9 31.9 43.6 43.6 53.4 53.4 61.4
Rinner [mm)] 739.9 734.9 739.9 734.9 737.4 737.4 737.4 737.4 737.4 737.4 737.4
Router [mm] 749.9 744.9 749.9 744.9 747.4 747.4 747.4 747.4 747.4 747.4 747.4
|Zavg| [mm] 0.0 101.2 203.3 302.6 406.3 521.5 643.2 7.7 923.6 1087.5 1268.6
12 13 14 15
61.4 67.9 67.9 71.3
737.4 737.4 737.4 737.4
747.4 747.4 747.4 747.4
1474.3 1704.4 1967.5 2265.1
Layer 9 Ring: 1 2 3 4 5 6 7 8 9 10 11
Yii1e [deg] 0.0 0.0 0.0 0.0 0.0 31.0 31.0 40.7 40.7 49.1 49.1
Rinner [mm] 929.8 934.8 929.8 934.8 929.8 932.3 932.3 932.3 932.3 932.3 932.3
Router [mm] 939.8 944.8 939.8 944.8 939.8 942.3 942.3 942.3 942.3 942.3 942.3
|Zavg| [mm] 0.0 101.8 202.0 304.5 402.8 507.6 622.9 743.2 873.0 1010.9 1161.3
12 13 14 15 16 17
56.4 56.4 62.4 62.4 66.7 66.7
932.3 932.3 932.3 932.3 932.3 932.3
942.3 942.3 942.3 942.3 942.3 942.3
1323.1 1501.1 1694.6 1909.0 2083.3 2272.0
Layer 10 Ring: 1 2 3 4 5 6 7 8 9 10 11
Yii1p [deg] 0.0 0.0 0.0 0.0 0.0 0.0 30.4 30.4 38.6 38.6 46.0
Rinner [mm] 1129.5 1124.5 1129.5 1124.5 1129.5 1124.5 1127.0 1127.0 1127.0 1127.0 1127.0
Router [mm] 1139.5 1134.5 1139.5 1134.5 1139.5 1134.5 1137.0 1137.0 1137.0 1137.0 1137.0
|Zavg| [mm] 0.0 101.2 203.3 302.6 405.4 502.7 608.2 723.5 842.9 969.8 1102.7
12 13 14 15 16 17 18
46.0 52.5 52.5 58.2 58.2 62.5 62.5
1127.0 1127.0 1127.0 1127.0 1127.0 1127.0 1127.0
1137.0 1137.0 1137.0 1137.0 1137.0 1137.0 1137.0
1245.3 1396.1 1558.9 1732.6 1921.0 2089.2 2269.8
Layer 11 Ring: 1 2 3 4 5 6 7 8 9 10 11
Vi1 [deg] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 30.0 30.0 37.1 37.1
Rinner [mm)] 1319.3 1324.3 1319.3 1324.3 1319.3 1324.3 1319.3 1321.8 1321.8 1321.8 1321.8
Router [mm] 1329.3 1334.3 1329.3 1334.3 1329.3 1334.3 1329.3 1331.8 1331.8 1331.8 1331.8
|Zavg| [mm] 0.0 101.8 202.0 304.5 402.8 505.9 602.3 708.2 823.5 942.3 1067.2
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12 13 14 15 16 17 18 19
43.6 43.6 49.5 49.5 54.7 54.7 58.8 58.8
1321.8 1321.8 1321.8 1321.8 1321.8 1321.8 1321.8 1321.8
1331.8 1331.8 1331.8 1331.8 1331.8 1331.8 1331.8 1331.8
1197.1  1334.5 1478.5 1631.7 1793.2 1965.9 2112.5  2267.7

Table B.3.: Barrel layers: detailed parameters of Outer Tracker in tilted (v4.01) layout.

The rings positioning of the 1
layout as of the 1

2th

2th

layer is not displayed as it follows the same
barrel layer in flat configuration, c.f. Table B.1. Rjner and

Router describe the central radial position of inner and outer ladder ring module,
respectively.
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Appendix B. Technical Specification of Tracker Layout

Inner tracker:

EC Disc: 1 2 3 4 5 Total (-z; +z)
Rpin [mm] 25.0 25.0 25.0 25.0 25.0
Rmax [mm] 404.0 404.0 404.0 404.0 404.0
|Zavg| [mm] 950.0 1178.5 1462.0 1813.7 2250.0
|Zmin| [mm]  941.1  1169.6 1453.1 1804.8 2241.1
| Zmax| [mm] 958.9  1187.5 1471.0 1822.6 2258.9
Nrings 4 4 4 4 4
Nmodules/disc 108 108 108 108 108 1080
EC Ring: 1 2 3 4
Rpin [mm] 25.0 101.3 198.9 302.6
Rmax [mm] 104.7 204.6 303.4 404.0
Nmodules/ring 12 20 32 44
Outer tracker:
EC Disc: 1 2 3 4 5 6 Total (-z; +z)
Ruin [mm] 25.0 25.0 25.0 25.0 25.0 25.0
Rmax [mm] 1549.3 1549.3 1549.3 1549.3 1549.3 1549.3
|Zavg| [mm] 2625.0 2986.1 3396.8 3864.0 4395.4 5000.0
|Zmin| [mm] 2615.7 2976.8 3387.5 3854.7 4386.1 4990.7
|Zmax| [mm]  2634.3 2995.3 3406.1 3873.3 4404.7 5009.3
Nrings 16 16 16 16 16 16
Nimodules/disc 948 948 948 948 948 948 11376
EC Ring: 1 2 3 4 5 6 7 8
Rpin [mm] 25.0 99.9 198.8 301.4 398.7 503.5 599.0 701.6
Rpmax [mm] 104.2 203.1 303.1 402.6 504.4 603.6 703.2 805.6
Npmodules /ring 12 20 32 44 52 64 44 52
9 10 11 12 13 14 15 16
798.9 901.7 997.9  1100.9 1195.9 1299.1 1393.0 1496.4
902.7 1005.4 1101.5 1204.4 1299.3 1402.4 1496.3 1549.3
56 64 68 76 84 88 96 96

Table B.4.: End-cap discs/rings of Inner and Outer Tracker: with the same layout for flat
and tilted geometry.
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Forward tracker:

Total (-z; +z)

EC Disc: 1 2 3
Runin [mm] 25.0 25.0 25.0
Rmax [mm] 918.6 1120.2 1321.5
|Zavg| [mm] 6250.0 7395.1 8750.0
| Ziin| [mm] 6241.1 7385.8 8740.7
|Zmax| [mm)] 6258.9 7404.4 8759.3
Nrings 9 11 13
Niodules/disc 388 524 684 3192
EC Ring: 1 2 3 4 5 6 7 8 9
Rpin [mm)] 25.0 115.8 215.5 315.6 414.4 514.4 612.5 714.8 814.7
Rmax [mm] 120.6 219.3 317.5 417.0 515.4 615.2 716.7 818.8 918.6
Niodules/ring 12 20 32 44 56 64 48 52 60
10 11 12 13
917.2 1016.6 1119.2 1218.1
1020.9 1120.2 1222.6 1321.5
64 72 76 84
EC Disc: 4 5 6 7 8 9 Total (-z; +z)
Rpin [mm] 49.5 49.5 49.5 49.5 49.5 49.5
Rmax [mm] 1550.2 1550.2 1550.2 1550.2 1550.2 1550.2
|Zavg| [mm] 10000.0 10985.6 12068.4 13257.8 14564.5 16000.0
| Ziin| [mm] 9990.7 10976.3 12059.1 13248.5 14555.2 15990.7
|Zmax| [mm)] 10009.3 10994.9 12077.6 13267.1 14573.8 16009.3
Nrings 15 15 15 15 15 15
Niodules/disc 868 868 868 868 868 868 10416
EC Ring: 1 2 3 4 5 6 7 8 9
Rpin [mm)] 49.5 139.1 238.2 337.8 436.7 536.3 637.3 739.4 840.0
Rmax [mm] 144.6 241.2 339.6 438.8 537.5 640.8 741.4 843.4 943.8
Niodules/ring 12 24 36 48 56 40 48 52 60
10 11 12 13 14 15
942.2 1042.6 1144.8 1244.9 1347.2 1446.9
1045.9 1146.1 1248.3 1348.2 1450.5 1550.2
68 72 80 84 92 96

Table B.5.: End-cap discs/rings of Forward Tracker: with the same layout for flat and tilted

geometry.

Detector modules - tilted:

BRL Layers: 7-¢ X z dims [mm?] X/Xg [%] Nchips X Nen X 7@ pitch [um]  Nehips X Nen X 2 pitch [pm]  Npodules
1 12.8 x 25.6 1.0 1 x 512 x 25 1 x 512 x 50 406
2-4 25.6 x 25.6 1.0 2 x 512 x 25 1 x 512 x 50 2662
5-6 51.2 x 102.4 2.0 3 x 512 x 33.3 1 x 256 x 400 1120
7-8 102.4 x 102.4 2.0 6 x 512 x 33.3 1 x 256 x 400 2350
9-11 102.4 x 102.4 2.5 6 x 512 x 33.3 1 x 58 x 1750 7818
12 102.4 x 102.4 2.5 6 x 512 x 33.3 1 x 2 x 50000 4512

Table B.6.: Detector module parameters in barrel region — tilted layout.
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Appendix B. Technical Specification of Tracker Layout

Detector modules - tilted:

EC Rings — Inner: dwafer [mm] X/Xo [%]  Nchips X Nen X 7= pitch [um]  Ncpips X Nep X 2z pitch [pum]  Npodules
1 (w) 86.2 1.5 (2 x 512 4 328) x 25 (2 x 512 4 498) x 50 120
2 (w) 113.0 1.5 (2 x 512 + 418) x 33.3 (1 x 512 + 495) x 100 200
3 (w) 114.8 2.0 (2 x 512 + 456) x 33.3 258 x 400 320
4 (w) 112.6 2.0 (2 x 512 + 490) x 33.3 251 x 400 440
EC Rings — Outer: dwafer [mm] X/XO [%} Nchips X Nep X r-¢ pitch [#m} Nchips X Nech X z pitch [I‘l'm] Nmodules
1 (w) 86.2 15 (2 x 512 + 373) x 25 (2 x 512 + 483) x 50 144
2 (w) 113.0 15 (2 x 512 + 427) x 33.3 (1 x 512 + 493) x 100 240
3 (w) 114.8 2.0 (2 x 512 + 474) x 33.3 257 x 400 384
4 (w) 112.6 2.0 (2 x 512 4+ 502) x 33.3 250 x 400 528
5 (w) 118.6 2.0 (3 x 512+ 118) x 33.3 262 x 400 624
6 (w) 113.7 2.0 (3 x 512+ 111) x 33.3 249 x 400 768
r-p x z dims [mm?]  X/Xp [%)] Nechips X Nen X 7-¢ pitch [um]|  Nchips X Nen X 2z pitch [um]  Npodules
7-9 102.4 x 102.4 2.0 6 x 512 x 33.3 1 x 256 x 400 1824
10-15 102.4 x 102.4 25 6 x 512 x 33.3 1 x 58 x 1750 5712
16 102.4 x 52.0 2.5 6 x 512 x 33.3 1x 29 x 1750 1152
EC Rings — iForward: dwafer (mm]| X/Xo [%]  Nchips X Nen X 7-¢ pitch [um]  Necpijps X Nen X 2z pitch [um]  Npodules
1 (w) 103.1 1.5 (3 x 512 + 146) x 25 (3 x 512 + 265) x 50 72
2 (w) 115.5 15 (3 x 512 + 107) x 33.3 (1 x 512 + 488) x 100 120
3 (w) 114.1 2.0 (8 x 512 4 76) x 33.3 250 x 400 192
4 (w) 113.7 2.0 (3 x 512 + 66) x 33.3 250 x 400 264
5 (w) 113.4 2.0 (3 x 512 + 57) x 33.3 250 x 400 336
6 (w) 114.8 2.0 (3 x 512 + 153) x 33.3 250 x 400 384
r-p x z dims [mm?]  X/Xp [%)] Nehips X Nen X 7= pitch [um]  Nepips X Nep X z pitch [um]  Npodules
7-9 102.4 x 102.4 2.0 6 x 512 x 33.3 1 x 256 x 400 960
10-13 102.4 x 1024 2.5 6 x 512 x 33.3 1 x 58 x 1750 864
EC Rings — Forward: dwafer [mm] X/XO [%} Nchips X Nech X r-¢ pitch [Pm} Nchips X Nech X z pitch [/-l'm] Nmodules
1 (w) 107.6 1.5 (2 x 512 4 373) x 25 (2 x 512 4 483) x 50 144
2 (w) 113.1 1.5 (2 x 512 + 427) x 33.3 (1 x 512 + 493) x 100 288
3 (w) 112.7 2.0 (2 x 512 4 474) x 33.3 257 x 400 432
4 (w) 112.7 2.0 (2 x 512 + 502) x 33.3 250 x 400 576
5 (w) 114.4 2.0 (3 x 512 + 118) x 33.3 262 x 400 672
r-¢ X z dims [mm?]  X/Xo [%]  Nehips X Nen X - pitch [um]  Nenips X Nen X z pitch [um]  Npodules
6-9 102.4 x 102.4 2.0 6 x 512 x 33.3 1 x 256 x 400 1824
10-15 102.4 x 1024 2.5 6 x 512 x 33.3 1 x 58 x 1750 5712

Table B.7.: Detector module parameters in end-cap region — tilted layout. Different ring(s)
layouts are used in the inner, outer and forward regions due to conical beam-
pipe; two types of sensors are used: rectangular and wedge-shaped (denoted as
w); the dyafer is an assumed wafer diameter, necessary to form the wedge-shaped
sensors at average z-position of respective end-cap and of required radial length,

for further details refer to [81, 88].
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