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Abstract

This study aims to simulate the tracking performance of the ATLAS Inner Tracker (ITk),
which is designed to replace the current Inner Detector (ID) for the High-Luminosity
LHC (HL-LHC) era. The goal is to evaluate how different track reconstruction chains
and detector deactivation scenarios impact the quality of reconstructed tracks.

Two track reconstruction chains are studied: the default reconstruction chain, which
is currently used in Run 3 and supports both ID and I'Tk geometries, and the fast track
reconstruction chain, which is specifically developed for the HL-LHC to reduce computa-
tional load and increase reconstruction speed. Tracking performance is compared between
these two chains using a tt Monte Carlo sample of 250 events, under both ideal detector
conditions and various scenarios with partial detector deactivation. In these masking-only
scenarios, deactivation is implemented by injecting a defect map during the early stages
of reconstruction, which marks specific regions of the I'Tk geometry as non-functional.
Reconstruction results from the masked configurations are compared against those from
the ideal detector to assess the relative performance, this setup allows for a systematic
evaluation of the robustness of each reconstruction chain under imperfect detector condi-
tions.

Abstract

Diese Studie untersucht die Leistungsfdhigkeit der Spurrekonstruktion des ATLAS Inner
Trackers (ITk), der im Rahmen des High-Luminosity LHC (HL-LHC) den derzeitigen In-
ner Detector (ID) ersetzen soll. Ziel ist es, zu evaluieren, wie sich verschiedene Spurrekon-
struktionsketten und Szenarien mit teilweiser Detektordeaktivierung auf die Qualitéit der
rekonstruierten Spuren auswirken.

Es werden zwei Spurrekonstruktionsketten betrachtet: die Standardrekonstruktions-
kette, die aktuell in Run 3 verwendet wird und sowohl ID- als auch ITk-Geometrien
unterstiitzt, sowie die schnelle Spurrekonstruktionskette, die speziell fiir den HL-LHC en-
twickelt wurde, um die Rechenlast zu reduzieren und die Rekonstruktionsgeschwindigkeit
zu erhohen. Die Leistungsfihigkeit der beiden Ketten wird anhand eines tt-Monte-Carlo-
Datensatzes mit 250 Ereignissen verglichen, sowohl unter idealen Detektorbedingungen
als auch unter verschiedenen Szenarien mit partieller Detektordeaktivierung. In diesen
reinen Maskierungsszenarien wird die Deaktivierung durch die Anwendung einer Defek-
tkarte in den frithen Phasen der Rekonstruktion realisiert, wodurch bestimmte Bereiche
der ITk-Geometrie als inaktiv markiert werden. Die Rekonstruktionsergebnisse dieser
maskierten Konfigurationen werden mit denen des idealen Detektors verglichen, um die
relative Leistungsfahigkeit zu beurteilen. Diese Konfiguration ermdoglicht eine systematis-
che Bewertung der Robustheit der jeweiligen Spurrekonstruktionskette unter nicht-idealen
Detektorbedingungen.
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1. Introduction

The Standard Model of particle physics provides a well-tested description of the known
fundamental particles and their interactions [IH4]. Its predictions have been tested and
verified by many decades of experimental results, including the discovery of the Higgs
boson at the Large Hadron Collider (LHC) in 2012 [5, 6]. Nonetheless, the SM does not
account for phenomena such as dark matter, neutrino masses, or the matter-antimatter
asymmetry [7H9]. Progress in addressing these questions requires both precise SM mea-
surements and searches for new phenomena, which in turn rely on data collected in high-
energy particle collisions with well-instrumented detectors.

One experimental method for studying particle physics is the proton—proton collider.
Proton—proton collisions at high center-of-mass energy enable the study of short-distance
(hard) parton interactions. Although the hadronic initial state is not fixed event by event,
it is well constrained by universal parton distribution functions, yielding a wide variety
of final states that are sensitive to rare processes. The LHC is, at present, the only
proton—proton collider in operation at the multi-TeV scale, hosting several interaction
points where large general-purpose experiments such as ATLAS and CMS record collision
data [10]. The accelerator complex is being upgraded to the High-Luminosity LHC (HL-
LHC). The high pile-up and radiation environment expected in that era require ATLAS
to replace its current Inner Detector with an all-silicon Inner Tracker (ITk) that includes
pixel and strip subdetectors [11].

In practice, an ideal detector does not exist. Inefficiencies already arise during con-
struction, as the production of complex silicon modules inevitably leads to a fraction of
units that fail to meet operational specifications. During operation, various effects, in-
cluding but not limited to radiation damage, can cause parts of the detector to become
non-functional. In fact, concerns about limited yield in the production of pixel mod-
ules for the I'Tk have prompted considerations of a staged installation approach, where
data-taking could begin with only a subset of the detector installed and operational [12].

In this study, a simplified "mask-only" approach is used to obtain a first estimate of
which spatial regions of the ITk are most critical for maintaining tracking performance,

from a purely geometrical standpoint. For each Monte Carlo sample and defect configura-
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tion, two different track recog;truction chains are applied. The primary simulated dataset
that consists of tt events at = s = 14 TeV with 250 events, and an independent 500-event

sample is used for cross-checks.

Within the Athena framework [13], detector defect maps are defined at various gran-
ularities (pixel layers, pixel modules, strip layers, strip modules, and front-end core-
columns). Clusters falling into defective regions are removed during reconstruction. This
method does not model detailed analog effects of radiation damage, such as charge col-
lection loss, increased noise, or timing shifts, and instead provides a preliminary estimate

of geometrical robustness.

Two distinct tracking workflows are available in Athena. The first is the default recon-
struction chain, referred to as newStrategy in the Athena track reconstruction framework
[14]. Unless explicitly overridden, this is the standard tracking workflow compatible with
both the Inner Detector (ID) and the ITk geometries. It follows the traditional reconstruc-
tion approach, including a seeding stage followed by ambiguity solving; The second chain
is the fast track reconstruction [15], referred to internally as 1tkFastTrackingStrategy.
This is a still-developing offline reconstruction workflow designed specifically for the HL-
LHC ITk geometry. Its motivation is to reduce computational cost by removing the
conventional ambiguity solving stage entirely. Instead, it relies on more aggressive shared

cluster handling during seeding and tighter n-dependent cuts to suppress the fake rate.

The structure of this thesis is as follows. Chapter [2 introduces the ATLAS experiment,
the current ID, the design and assembly of the I'Tk, and the overall context of the HL-LHC
upgrade. Chapter [3|describes the two tracking reconstruction chains used throughout this

study, along with their key characteristics and implementation in the simulation.

Chapter [4] presents the main results. First, a baseline comparison between the two
reconstruction chains is performed on an ideal, defect-free detector. Second, random pixel
cell masking is applied at varying levels (from 2% to 20%) to evaluate the robustness of
both chains. Third, per-layer pixel module masking is studied to address the practical
question: if approximately 30% of the modules were to fail, which placement of defects
would minimize the impact on tracking performance under the default track reconstruction
chain. Fourth, strip detector masking results are presented, including some counter-
intuitive cases that prompted a full re-run of the masking configurations under the fast

track reconstruction chain. Conclusions and outlook are summarized in Chapter [f]

For reasons of length and to maintain a smooth reading flow, certain technical but
important details, such as the internal Athena representation and indexing of the detec-
tor geometry, as well as specific code implementations and supplementary datasets, are

collected in the Appendix. Among these, Appendix [Aland Appendix [B] provide a detailed



description of the technical aspects of the two track reconstruction chains studied in this

work.






2. The ATLAS Detector and the
HL-LHC Upgrade

2.1. The ATLAS Detector in Run 3

The LHC at CERN [10], located near Geneva, is currently the world's only operating
proton-proton collider at the multi-TeV energy scale. Protons are accelerated through a
sequence of machines: Linac4, the Proton Synchrotron Booster, the Proton Synchrotron,
and the Super Proton Synchrotron before being injected into the LHC ring at 450 GeV. In
Run 3, they are further accelerated to reach a centre-of-mass energy of up to 13.6 TeV [16,
P. 9]. Along the 27-kilometre ring, nine experiments are positioned at various interaction
points or along the beamline, each with its own scienti ¢ focus. ATLAS (A Toroidal
LHC ApparatuS), situated at Interaction Point1, is one of the two large general-purpose
detectors [16]. It is designed to explore a broad physics program, ranging from precision
measurements within the Standard Model to searches for new phenomena beyond it.

The ATLAS detector is arranged in concentric layers around the collision point, form-
ing a nested structure. Each layer has a distinct role in recording and identifying the
diverse particles produced in high-energy proton-proton collisions. The innermost region
is devoted to tracking charged particles. Surrounding the tracker are calorimeters, which
measure particle energies, and the outermost system is dedicated to muon detection. A
solenoidal magnetic eld of 2 T encloses the tracking system, bending the paths of charged
particles to allow momentum measurement, while large air-core toroidal magnets provide
bending power for the muon spectrometer.

In Run 3, the tracking system, known as the Inner Detector (ID), consists of three
subdetectors (Figure 2.1). Closest to the beam pipe is the Pixel Detector, which is
augmented by the Insertable B-Layer (IBL) added between Runl and Run?2 to improve
the resolution of track impact parameters, thereby enhancing vertex reconstruction and
avour-tagging performance [16, P.39]. These layers are built from silicon pixel sensors
that provide precise spatial measurements near the interaction point. With approximately
80 million readout channels, the Pixel Detector plays a central role in reconstructing
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primary vertices and identifying secondary vertices from heavy- avour decays within the
beam pipe. Each track typically traverses three layers segmentedrin and z, with pixel
sizes 060 m 400 m and intrinsic spatial resolutions offl0 minr and115 min z
in the barrel region. Similar performance is achieved in the endcaps.

Surrounding the Pixel Detector is the Semiconductor Tracker (SCT), composed of sil-
icon microstrip sensors arranged in four barrel layers and nine endcap disks. Each track
crosses eight strip layers (providing four space points in total). The SCT extends the
tracking coverage to larger radii, linking hits from the inner pixel layers to those in the
outer tracker. In the barrel region, each module consists of two daisy-chainédcm sen-
sors with a strip pitch of 80 m, featuring small-angle 40mrad) stereo strips to enable
measurements in bothr and z. The endcaps adopt a similar geometry with radial and
stereo strip orientations. The intrinsic spatial resolutions per module are approximately
17 minr and580 m in z (barrel) or r (disks). The SCT comprises approximately
6.3 million readout channels [16, P. 14].

Figure 2.1.: Overview of the ATLAS Inner Detector layout. The pixel, SCT, and TRT
subsystems are shown in both barrel and endcap regions. This system will
be replaced by the ITk during the HL-LHC upgrade. Figure adapted from
[17, P. 6].

The outermost part of the ID in Run 3 is the Transition Radiation Tracker (TRT), the
only subsystem in the ID that is not silicon-based. It consists of thin cylindrical gas- lled
straw tubes that register hits when charged particles ionise the gas as they pass through.
The freed electrons drift towards a central anode wire, producing an ampli ed signal.
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Because of their large number and ne segmentation, the TRT straws contribute many
position measurements per track [17], improving pattern recognition and momentum de-
termination. In addition to tracking, the TRT can identify electrons through transition
radiation: high-energy electrons emit X-ray photons when crossing materials of di ering
dielectric properties, which in turn produce higher-amplitude signals in the straws. This
capability provided complementary particle identi cation in Run 3, although gaseous de-
tectors like the TRT are less suitable for the high-radiation, high-occupancy environment
expected at the HL-LHC.

Geometrically, the ID is divided into a central barrel and two endcaps. In the barrel
region, the Pixel, SCT, and TRT are arranged in concentric cylinders aligned with the
beam axis. The endcaps consist of disk-shaped modules (Pixel and SCT) and radial straw
"wheels" (TRT) oriented perpendicular to the beam, extending coverage to particles emit-
ted at small polar angles. This layout ensures that most particles within the acceptance
cross several detector layers at near-normal incidence, which is optimal for hit resolution
and e ciency. The Run3 ID provides tracking coverage up to pseudorapidity j = 2:5
[16], as shown in Figure 2.1.

As charged patrticles traverse the silicon tracking detectors, they deposit charge that is
collected on readout channels (pixels or strips) and digitized if it exceeds the electron-
ics threshold. Neighbouring above-threshold channels are then grouped by a clustering
algorithm to form clusters, which provide a position estimate and an associated uncer-
tainty. In strip detectors, two stereo clusters are combined to form a two-dimensional
space point. Pattern-recognition and track tting use these cluster-level measurements
(clusters or space points) as inputs. By linking hits across successive layers, trajectories
are reconstructed and particle momenta are obtained from the curvature in the magnetic
eld, as shown in Figure 2.2. Extrapolating the tted tracks back to the interaction region
allows reconstruction of primary vertices and the identi cation of displaced vertices from
long-lived decays.

The calorimeter system measures the energy deposited by particles as they interact with
matter and is one of the key subsystems for particle identi cation, energy measurement,
and event reconstruction, such as jets and missing transverse energy. Calorimeters are
generally classi ed functionally into electromagnetic and hadronic types: electromagnetic
calorimeters measure the energy of electrons and photons, while hadronic calorimeters
sample the energy of hadrons, such as protons and neutrons, through nuclear interactions.
In ATLAS, however, the system is organized based on detection technology into the Liquid
Argon (LAr) Calorimeter and the Tile Hadronic Calorimeter. The LAr Calorimeter in-
cludes both electromagnetic components, such as the electromagnetic barrel (EMB), end-
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Figure 2.2.: Left: layout of the ATLAS Run 3 Inner Detector showing the pixel system
(including the IBL), the silicon microstrip SCT, and the Transition Radi-
ation Tracker (TRT) with representative radii. Right: concept of tracking:

a charged particle traverses successive layers, producing cluster-level mea-
surements (hits/space points) that are linked by pattern recognition into
a reconstructed track in the solenoidal eld. Image courtesy of @CERN.

cap (EMEC), and forward calorimeter (FCal), and hadronic components like the hadronic
endcap (HEC). The Tile Calorimeter serves as the hadronic barrel and is divided into the
Tile Barrel and Tile Extended Barrel. This technological classi cation maps closely onto
the functional division, with di erent components optimized for measuring di erent types
of particle showers [18].

Calorimeters are capable of stopping most known particles, with the exception of muons
and neutrinos. Neutrinos are electrically neutral and interact only weakly, making them
invisible to the detector; their presence is inferred indirectly through missing transverse
energy. Muons, on the other hand, are minimally ionizing and typically traverse the
calorimeters with little energy loss. To identify muons and measure their momenta, the
outermost layer of the ATLAS detector is a dedicated tracking system known as the Muon
Spectrometer. It surrounds the calorimeters and provides both precision momentum
measurements and prompt muon triggering over the pseudorapidity rangej < 2:7. It
determines the transverse momenturpy of muons from the curvature of their tracks in
a large air-core toroidal magnetic eld, generated by superconducting barrel and endcap
coils. The system consists of precision detectors: monitored drift tubes (MDTs) and, in
the forward region, cathode strip chambers (CSCs) combined with fast-timing detectors:
resistive plate chambers (RPCs) in the barrel and thin gap chambers (TGCs) in the
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endcaps [19].

First-level muon triggers are implemented in hardware and combine information from
both the muon spectrometer and the calorimeters to select events at a maximum rate of
100 kHz. These are followed by more re ned software-based trigger stages that reduce
the event rate to approximately 1 kHz on average [19].

The design of the Run 3 Inner Detector re ects a balance between high spatial resolu-
tion from silicon sensors and the additional functionality provided by the gaseous TRT.
In the forthcoming HL-LHC era, the Inner Detector will be entirely replaced by the all-
silicon Inner Tracker (ITk), which extends coverage to higher pseudorapidity and provides
increased granularity and radiation hardness. In preparation for the HL-LHC, not only
will the tracking detector be replaced, but the calorimeter and muon spectrometer sys-
tems will also undergo targeted upgrades to meet the demands of higher luminosity and
radiation levels. Further details can be found in Ref.[11].

2.2. The HL-LHC Upgrade

At xed P s, the event rate for a process with cross section scales linearly with the

instantaneous luminosityL :

dN
at R=1L; N =L ;

with [L] =cm ?s ! and[ ] = cm? [20, P. 11]. Here, the integrated luminosityL, is
de ned as the time integral of the instantaneous luminosity,

4
I—int = L(t) dt:

For observed yields, one may include acceptance and e ciency Bgys = Liny A" .

High luminosity therefore serves two roles: it increases the expected yield for small-
cross-section processes (via largerand Ly ), and it reduces statistical uncertainties in
precision measurements by providing larger datasets and richer control samples. The HL-
LHC is a luminosity upgrade: it keepsp s essentially xed, while increasing the collision
rate and the accumulated dataset.

The HL-LHC is a major upgrade of the LHC designed to increase the collider's data
output by roughly an order of magnitude beyond Run 3. It will boost the instantaneous lu-
minosity to a peak of about7 10** cm 2s !, compared to approximately2 10**cm 2s !
in Run 3 [21]. The average number of interactions per bunch crossing (pile-up) is expected
to reach around 200 at the HL-LHC, in contrast to up to 60 during Run 3 [22]. Over
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its lifetime (Run 4 to Run 6, expected to run from around 2030 to 2040), the HL-LHC
aims to collect a total integrated luminosity of about3000 fb !, roughly ten times the

300 fb ! expected by the end of Run 3. The HL-LHC is scheduled to begin operation
after the third long shutdown (LS3, 2026 2029), with Run 4 starting around 2030 and
continuing futher, as shown in Figure 2.3.

Figure 2.3.: Timeline of the LHC and HL-LHC programme from Run 1 to Run 5.
The gure shows centre-of-mass energies, major shutdowns (LS1 LS3) with
associated machine and detector upgrades, and the progressive increase in
instantaneous luminosity from initial running to the HL-LHC goal of5 7:5
times the nominal design value. The HL-LHC era (Run 4 and beyond)
aims to deliver a total integrated luminosity of about3 000 4000 fb * by
the late 2030s. Imaged CERN.

The primary physics goal of the HL-LHC is to make full use of the large increase in
collisions to improve the understanding of the Higgs boson and to search for rare processes
and new phenomena.

Achieving these physics goals requires signi cant upgrades to the accelerator and exper-
iments. The HL-LHC will run with much higher instantaneous and integrated luminosity,
leading to many more proton proton interactions per second. In Run 3, the LHC operates
with an average pile-up of around 60 at peak. In contrast, the HL-LHC will run with
average pile-up levels of about 140, and possibly up to 200 in the highest luminosity con-
ditions. Such dense collision environments make event reconstruction more challenging:
tracking detectors must separate hundreds of overlapping particle tracks and multiple
interaction vertices within the same event.

10
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To cope with this, the experiments are replacing or upgrading major detector systems
during LS3. The inner tracking systems will be completely rebuilt using radiation-hard
silicon detectors with higher granularity, to withstand the HL-LHC radiation dose and to
resolve tracks in crowded events. A dedicated High-Granularity Timing Detector (HGTD)
will be installed in front of the LAr end-cap calorimeters, coveringz:4 < j j < 4.0.
Based on LGAD technology, it will provide per-track time resolution ofO(30 ps) [23].
Trigger and data acquisition systems are being upgraded to handle much higher rates,
with hardware and software able to process events at MHz-level input [24].

2.3. The Inner Tracker (ITk): Design and
Components

The HL-LHC will present far harsher conditions than Run 3, such conditions would exceed
the mechanical, electronic, and radiation-tolerance limits of the Run 3 ID. In particular,
the limited pseudorapidity coverage j(j < 2:5), the coarser granularity of the silicon
sensors, the presence of the TRT which is unsuited for HL-LHC radiation levels, would
su er unmanageable occupancy at high pile-up and adds signi cantly to the material
budget, further motivating an all-silicon solution.

Figure 2.4 shows a longitudinal R-z) cutaway view of the ITk geometry. From top to
bottom, the three concentric volumes correspond to the outer strip detector, the central
pixel detector, and the inner strip detector. Along thez-axis, the central cylindrical
section constitutes the central barrel region, while the outer ring-like structures on both
sides are referred to as the endcaps.

Figure 2.4.: Longitudinal-section of the ITk Showing the pixel and strip subdetectors.
Figure adapted from Ref. [25].

The new all-silicon ITk overcomes these shortcomings with an expanded geometry, ner

11
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segmentation, and sensors and electronics quali ed for HL-LHC radiation and occupancy.
Its design targets include high granularity, low material budget, and extended tracking
coverage tgf j  4:0. After multiple design iterations and optimizations, the current ITk
geometry has converged to the 03-00-00 layout. It is composed of an inner pixel detector
and an outer strip detector. In the transverse direction, the central region adopts a barrel
design, while the two ends employ endcap structures, arranged such that the incident
particle trajectories are as perpendicular as possible to the sensor surfaces. The detailed
layout and the corresponding indices used in th&thena geometry description are shown

in Figure 2.5. All simulated samples presented in this work are produced using the 03-
00-00 layout con guration.

(a) Pixel detector layout with internal (b) Full ITk layout including both pixel and
Athena layer indices. strip detectors, with internal Athena
layer indices of strip detector.

Figure 2.5.: Longitudinal-sectional view of the ITk layout. Note that the layer indexing
used here followsAthena 's internal conventions, which di er from those
in most public technical documents. Figures adapted from Ref. [26].

Compared to the Run 3 ID, the ITk pixel subsystem increases the number of barrel
layers from four (including the IBL) to ve, and replaces the small endcap disks with a
set of forward pixel rings, extending precision tracking into the high-j region. The ve
barrel pixel layers are implemented with a combination of at and inclined module staves
to maximize acceptance, and the new forward pixel rings provide coverage upjtp 4.
The innermost pixel layers (barrel layer 0, endcap layer 0 and endcap layer 1) use 3D
silicon pixel sensors for their superior radiation hardness [21, P. 6], while the remaining
layers employ thin planar silicon sensors [27, p. 100]. Furthermore, the pixel cell size is
reduced to50 50 m? (with 25 100 m? in the innermost layer) from50 400 m? in
Run 3 [21, P. 5], greatly improving spatial resolution and reducing per-pixel occupancy
at high pile-up.

All ITk pixel front-ends are read out by the RD53C chip, a pixel readout ASIC devel-
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