
UNIVERSITÀ DEGLI STUDI DI PADOVA

Dipartimento di Fisica e Astronomia �Galileo Galilei�

Master Degree in Physics

Final Dissertation

Study of the performance of the CMS Phase 2

Upgrade Silicon Outer Tracker modules

Thesis supervisor Candidate

Dr. Patrizia Azzi Nicolò Salimbeni

Academic Year 2024/2025





Contents

Introduction 5

Physics at LHC 7

2.1 The Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 The Compact Muon Solenoid experiment . . . . . . . . . . . . . . . . . 12

2.3.1 The present silicon tracker . . . . . . . . . . . . . . . . . . . . . . 14

2.3.2 The trigger system . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Particles interaction with matter and silicon detectors 17

3.1 Charged particle-matter interaction . . . . . . . . . . . . . . . . . . . . . 17

3.2 Intrinsic and extrinsic silicon . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3 PN-junction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.4 Silicon sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.4.1 Signal Formation in Silicon . . . . . . . . . . . . . . . . . . . . . 26

3.4.2 Particle detection in silicon sensors . . . . . . . . . . . . . . . . . 27

High Luminosity LHC and CMS upgrade 31

4.1 The High Luminosity upgrade . . . . . . . . . . . . . . . . . . . . . . . . 31

4.2 CMS phase-2 upgrade . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.3 Outer Tracker PS and 2S silicon modules . . . . . . . . . . . . . . . . . 35

4.3.1 PS-Module architecture . . . . . . . . . . . . . . . . . . . . . . . 37

4.4 Outer Tracker geometry and expected physics performance . . . . . . . 40

Experimental Setup 45

5.1 Data acquisition system . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.2 Fermilab Test Beam Facility . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.2.1 Telescope alignment and tracking . . . . . . . . . . . . . . . . . 47

5.3 Irradiation procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.3.1 Irradiation reconstruction . . . . . . . . . . . . . . . . . . . . . . 49

5.4 Calibrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.4.1 SSA and MPA pedestal and noise estimation . . . . . . . . . . . 53

5.4.2 Latency optimization . . . . . . . . . . . . . . . . . . . . . . . . . 56

3



5.4.3 Noise occupancy study and threshold optimization . . . . . . . . 58

5.4.4 Bias optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.4.5 Calibration of the beam incidence angle . . . . . . . . . . . . . . 61

Data analysis 63

6.1 Charge collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.2 Particle Detection E�ciency . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.2.1 Pixel cell e�ciency . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.2.2 E�ciency dependency on relative position with respect to the

center between adjacent channels . . . . . . . . . . . . . . . . . 67

6.2.3 Particle detection e�ciency as a function of incidence angle . . . 69

6.2.4 Dependency on pixel and strip number . . . . . . . . . . . . . . . 70

6.2.5 Study of e�ciency dependence on irradiation . . . . . . . . . . . 70

6.3 Resolution Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.3.1 Spatial resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.3.2 Cluster size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.3.3 Stub detection e�ciency and p T selection . . . . . . . . . . . . . 77

6.4 Angle scan simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.4.1 Simulation architecture . . . . . . . . . . . . . . . . . . . . . . . 81

6.4.2 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Conclusions 85

4



Introduction

Particle physics, despite being one of the most advanced �elds of science, continually

demands increasingly sophisticated technologies to further re�ne and expand our un-

derstanding of nature. At the European Organization for Nuclear Research (CERN), the

most powerful circular proton collider currently in operation�the Large Hadron Collider

(LHC)�is employed to investigate the fundamental forces of matter.

The LHC is capable of colliding protons at a center-of-mass energy of up to 14 TeV, while

simultaneously achieving a high rate of collisions, enabling the study of rare processes

with extremely low occurrence probability. Along the 27-kilometer ring, several particle

detectors are positioned at dedicated interaction points. Proton beams are made to

collide inside these detectors, which are then used to study the decay products of the

resulting interactions. Based on the data collected, theoretical models can be tested

and validated�or challenged�through experimental observation.

In 2030, the LHC is expected to enter its High-Luminosity phase: HL-LHC. The luminosity

is a key parameter of the collider, quantifying the number of particles circulating in it, and

thus the potential collision rate. Increasing the luminosity results in a higher data rate and

a harsher radiation environment, posing new challenges for the existing experiments.

The detectors currently installed�operational since the LHC's �rst run in 2008�were not

originally designed to withstand the extreme conditions anticipated during the HL-LHC

era. In particular, they need to be upgraded in order to handle the unprecedented data

volume and radiation levels. As a result, several components of these experiments along

the LHC will be redesigned or replaced. These upgrades are scheduled to take place

during the third long shutdown (LS3), which is planned to run from mid-2026 through

2030.

One of the experiments undergoing a major upgrade for the HL-LHC is the Compact

Muon Solenoid (CMS). The CMS detector is composed of several subdetectors, each

designed to measure speci�c properties of the particles produced in proton-proton colli-

sions. Among these, the tracker plays a crucial role. It reconstructs the trajectories of

charged particles by recording their positions across multiple layers of silicon detector

modules, arranged concentrically around the interaction point.

For HL-LHC conditions, the tracker must be capable of withstanding unprecedented

levels of radiation and, for the �rst time in a high physics experiment, will also become

part of the decision-making system of CMS called Level-1 Trigger (L1T) and contribute to

the real-time selection of events�deciding which data to retain and which to discard�at
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the collision rate of LHC (40MHz). To meet these requirements, the entire silicon tracker

must be replaced with new, radiation-tolerant modules capable of supplying coarse

tracking information directly to the trigger system.

This thesis focuses on one such module: the so-called PS module , designed to be

deployed in the outer layers of the CMS tracker. In 2023, a PS module was tested at the

Fermilab Test Beam Facility in Chicago to evaluate its radiation tolerance and its ability

to provide trigger-relevant information in compliance with the L1 trigger requirements.

Following an overview of the LHC complex, the CMS detector, and the silicon tracker

design, this thesis presents measurements performed to verify that the module meets

the requirements necessary for operation in the CMS Phase-2 upgrade.
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Physics at LHC

2.1 The Standard Model

The Standard Model (SM) is currently the most accurate and successful theory developed

to describe the fundamental constituents of matter and their interactions [1]. It provides

theoretical predictions that match experimental measurements with extraordinary preci-

sion�often at a level comparable to the experimental uncertainties themselves, which

is exceptional in the �eld of high-energy physics.

The Standard Model incorporates three of the four known fundamental forces in nature:

the electromagnetic force, the weak nuclear force, and the strong nuclear force. The

gravitational interaction, however, is not yet included. The electromagnetic and weak

forces have been successfully uni�ed into a single framework known as the electroweak

theory, while the strong interaction is described by Quantum Chromodynamics (QCD) [2].

Within the Standard Model, elementary particles are grouped into two broad categories:

fermions and bosons.

Bosons

Bosons�with the exception of the Higgs boson, discussed below�are known as force

carriers or mediators, as they are responsible for mediating the fundamental interactions

between particles. Each of the forces described by the Standard Model has its own

associated mediator(s):

ˆ The electromagnetic force is mediated by the photon (
 ), a massless, spin-1 par-

ticle with no electric charge. Its behavior is described by Quantum Electrodynamics

(QED)[3].

ˆ The weak force is mediated by three massive bosons: the W + and W � (with

electric charge � 1), and the Z 0 (neutral). All three have spin 1 and interact with all

fermions in the Standard Model as well as with each other.

ˆ The strong force is mediated by gluons (g), massless spin-1 particles that carry

color charge. Gluons interact with quarks�which also carry color charge�and

with themselves, as described by QCD.

A special case among bosons is the Higgs boson , one of the most remarkable predic-
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Figure 2.1: Standard model particle topology, with masses, spin and charge of each particle
presented.

tions of the Standard Model. Proposed in 1964 and discovered in 2012 [4, 5], it was

the �nal missing piece to be experimentally con�rmed. Unlike the other bosons, the

Higgs does not mediate a fundamental force. Instead, it arises from the mechanism of

spontaneous symmetry breaking [6] and is responsible for giving mass to the W and

Z bosons [7]. More generally, the Higgs boson couples to all massive particles, with a

coupling strength proportional to the particle's mass.

Fermions

As previously mentioned, fermions are the spin-1/2 particles included in the Standard

Model. They are divided into two families: leptons and quarks .

Leptons include both charged and neutral particles, along with their corresponding an-

tiparticles (which have the same properties but opposite electric charge). The charged

leptons are the electron (e), muon (� ), and tau (� ), each carrying an electric charge of -1.

Their neutral counterparts are the neutrinos: � e, � � , and � � . While the charged leptons
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interact via both the electromagnetic and weak forces, neutrinos interact only via the

weak force. This makes them extremely di�cult to detect, as they pass through matter

with very low probability of interaction.

Quarks also come in six types, or "�avors": up (u), charm (c), and top (t), which have

an electric charge of + 2
3, and down (d), strange (s), and bottom (b, also known as

beauty), which have a charge of � 1
3. Quarks interact via all three forces of the Stan-

dard Model: electromagnetic, weak, and strong. The strong interaction introduces an

additional quantum number called color charge , which can be red, green, or blue

(and their respective anticolors). According to Quantum Chromodynamics, due to the

phenomenon of con�nement, quarks cannot exist in isolation; they always combine to

form color-neutral states known as hadrons . An example is the proton, composed of

two up quarks and one down quark (uud), which carries a total electric charge of +1 and

no net color charge.

Thanks to Einstein's famous relation E = mc2, the collision of highly energetic particles

makes it possible to produce new states of matter that do not exist under normal con-

ditions. This allows physicists to study the universe few moments after the big bang

before matter was formed. The lifetime of these particles can vary from milliseconds to

as short as 10� 13 seconds, as in the case of the tau lepton.

To study all these unstable particles, they must �rst be produced under controlled

conditions, and this is the role of particle colliders in high energy physics research. In

these machines, stable particles (typically protons or electrons/positrons) are accelerated

to very high energies and collided, allowing the creation of heavier, unstable particles.

These are then studied using complex detectors capable of reconstructing their properties

before and after their decay.

2.2 The Large Hadron Collider

The Large Hadron Collider (LHC), located across the border between Switzerland and

France near Geneva (Switzerland), is the largest and most powerful particle accelerator

ever built. It is operated by the European Organization for Nuclear Research (CERN)

and is part of an extensive complex of accelerators and experiments developed since the

organization's founding in 1954. The LHC enables the study of high-energy collisions

between protons as well as heavy ions, like lead nuclei and more. Protons can be

accelerated to achieve a maximum center-of-mass energy of 14 TeV and are collided

at four main interaction points along the ring, where the experiments�CMS, ATLAS,

LHCb, and ALICE�are located.

At the interaction points, the large center-of-mass energy and the high luminosity pro-

vided by the accelerator make it possible to produce a wide variety of particles. By

making predictions and comparing them with the data collected by the detectors, physi-

cists can test various theoretical models, including the Standard Model, which remains

the most accurate and successful framework developed by the scienti�c community to
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Figure 2.2: Depiction of the LHC tunnel and the locations of its main experiments (ATLAS, ALICE,
CMS, and LHCb) at the collision points, shown relative to Geneva and the French-Swiss border.

date.

CMS and ATLAS are known as general-purpose experiments. These are two indepen-

dent detectors, both designed to investigate a broad range of physical processes. Their

primary objective was the search for the Higgs boson, which was successfully discovered

by both experiments in 2012 [4, 5]. For completeness one of the most famous plots from

the CMS discovery is reported in �gure 2.3.

In contrast, ALICE and LHCb are more specialized experiments. ALICE is dedicated

to studying the quark-gluon plasma�a state of matter produced in heavy-ion collisions

that is believed to resemble the conditions of the early universe, just microseconds after

the Big Bang. LHCb, on the other hand, focuses on the study of particles containing b

quarks. These are often relatively long-lived particles that travel a measurable distance

before decaying, requiring a detector with a specialized design optimized for precise

vertex reconstruction and particle identi�cation (PID).

In each of these detectors, the number of events observed for a given physical process

per unit time is determined by two main factors: the cross section � of the process�which

is de�ned by the underlying physics�and the instantaneous luminosity of the accelerator

L . This relationship is expressed by the following formula:

_N = � � L (2.1)

The design instantaneous luminosity of the LHC is 1034 cm� 2s� 1. This is achieved by
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Figure 2.3: Diphoton invariant mass distribution from the CMS paper reporting the Higgs boson
discovery [4]. Each event is weighted by S=(S + B ), where S and B represent the expected
signal and background contributions, respectively, to enhance the visibility of the signal over the
background. The lines show the �tted background and signal components, while the coloured
bands indicate the � 1 and � 2 standard deviation uncertainties on the background estimate. The
inset displays the unweighted invariant mass distribution focusing on the central mass region.

dividing each proton beam into 2,808 bunches, each containing approximately 1:15� 1011

protons, colliding at a rate of 40 MHz [8].

For a Gaussian beam pro�le, the instantaneous luminosity can be expressed as [9]:

L =
N 2

b n f t 

4� � n � �

; (2.2)

where Nb is the number of particles per bunch, n is the number of bunches per beam, f t is

the revolution frequency of a bunch, 
 is the relativistic Lorentz factor, � n is the normalized

transverse emittance, and � � is the value of the beta function at the interaction point.

The parameter � � characterizes the focusing of the beam at the collision point; a smaller

� � implies tighter beam focusing, resulting in a higher probability of particle interactions

and thus increased luminosity.

Since the cross section is an intrinsic property of the physical process under investigation

and cannot be altered, increasing particle collisions is crucial to observing rare events with

small cross sections. In such cases, where the probability of occurrence is inherently low,

a high instantaneous luminosity enhances the likelihood of detecting these interactions

in a manageable period of time.

Another commonly used quantity in the context of particle physics is the integrated

11



luminosity, de�ned as:

L int =
Z

L (t) dt (2.3)

It represents the cumulative number of potential collisions over a given time period,

serving as a measure of the total dataset available for analysis. To illustrate the amount

of data collected by the experiments at the LHC, �gure 2.4 shows the cumulative delivered

and recorded luminosity for proton-proton collisions at the nominal center-of-mass energy,

as recorded by CMS over time.
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Figure 2.4: Cumulative delivered (blue) and recorded (yellow) integrated luminosity by CMS for
proton-proton collisions at the nominal center-of-mass energy, shown as a function of time. The
plot covers the LHC data-taking periods from 2010 to 2025, indicating the steadily increasing
dataset available for physics analyses [10].

2.3 The Compact Muon Solenoid experiment

The Compact Muon Solenoid (CMS), as previously mentioned, is one of the four main

detectors at the LHC and one of the two general-purpose detectors located along the

ring. The detector is located at Interaction Point 5 (IP5), approximately 100 meters

below ground level. It is 21 meters long, 15 meters in diameter, and has a total mass of

about 14,000 tons. Its name re�ects the design experiment philosophy: the powerful

superconductive solenoid employed, which generates a magnetic �eld of 3.8 T, enables

excellent detection performance within a relatively compact volume. Its strong magnetic

�eld increases the curvature of charged particle trajectories via the Lorentz force, allow-

ing precise momentum measurements and particle identi�cation even with a smaller

detector radius.
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Figure 2.5: CMS detector design with main sub-detectors [11].

Its structure is divided into two main components: a central cylindrical section, known as

the barrel, and two lateral end sections, called endcaps. This con�guration is designed

to optimally surround the interaction region, covering the largest possible solid angle.

Such coverage is crucial to minimize blind spots where particles might escape detection.

Given the objectives of the experiment, CMS was designed with several speci�c require-

ments in mind, as described in [12], which can be summarized as follows:

ˆ Excellent muon identi�cation and momentum resolution, with a mass resolution

for dimuons of approximately 1% at 100 GeV/c2.

ˆ High charged particle momentum resolution and e�cient reconstruction in the

tracking detectors.

ˆ Excellent electromagnetic energy resolution, with diphoton and dielectron mass

resolution around 1% at 100 GeV/c2, as well as good hermiticity.

ˆ Precise missing transverse energy (E miss
T ) and dijet mass resolution, requiring

hadronic calorimeters with large geometric coverage (j� j < 5) and �ne lateral

segmentation (� � � � � < 0:1 � 0:1).

The adopted Cartesian coordinate system, with its origin placed at the interaction point,

is de�ned such that the y-axis points vertically upward, the x-axis points toward the

center of the LHC ring, and the z-axis lies along the beam line.

Angular coordinates with respect to the beam axis are conventionally expressed in terms

of pseudorapidity, � = � ln(tan(�=2)), where � is the polar angle measured with respect
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to the z-axis de�ned above. In the transverse plane (x-y), the azimuthal angle � is used

to describe directions. Figure 2.5 provides an overview of the various sub-detectors that

compose CMS. Starting from the interaction point, particles �rst pass through the silicon

tracker, used to reconstruct trajectories. Next are the scintillator-based electromagnetic

and hadronic calorimeters, which measure particle energies. Surrounding these is

the superconducting solenoid, made of niobium-titanium (NbTi), producing the 3.8 T

magnetic �eld. Finally, muon chambers are positioned at the outermost layers, as muons

can traverse the entire detector without being absorbed.

2.3.1 The present silicon tracker

This section focuses in more detail on the current silicon tracker to allow a direct com-

parison between the existing system and the new one.

The silicon tracker is used to reconstruct the trajectories of charged particles and mea-

sure their momentum. It operates within the magnetic �eld of 3.8 T generated by the

solenoid, which allows the momentum of charged particles to be estimated by measuring

the radius of curvature of their tracks, according to the relation [13]:

P[GeV] = 0:3qBr (2.4)

where B is the magnetic �eld strength, q is the charge of the particle, and r is the

radius of curvature. The uncertainty in the momentum measurement arises from two

main sources: the intrinsic resolution of the tracking system � stat , and the contribution

from multiple scattering � ms , caused by interactions with the tracker material. These

contributions are combined in quadrature [13]:

� tot = � ms � � stat (2.5)

The tracker is composed of two main sections: the pixel tracker, located closest to

the interaction point, and the strip tracker, positioned further outward. As shown in

�gure 2.6, the tracker includes a total of 18 detection layers in the barrel and 15 in the

endcaps, covering an active surface area of approximately 210m2. The system extends

from a radial distance of 4 cm to 110 cm, and spans up to 540 cm along the z-axis,

symmetrically around the interaction point. This geometry provides tracking coverage

up to a pseudorapidity of j� j < 2:5.

The pixel detector is the closest component to the interaction point, designed to provide

the highest possible spatial resolution. It consists of four barrel layers (BPIX), positioned

at radii ranging from 2.9 cm to 16.0 cm, and three endcap disks (FPIX), located from 4.5

cm to 16.1 cm along the z-axis.

These modules must operate in a high-radiation environment while maintaining excel-
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Figure 2.6: Quarter of the Phase-1 CMS tracking system in r-z view. The pixel detector is
shown in green, while single-sided and double-sided strip modules are depicted as red and blue
segments, respectively [14].

lent resolution for precise vertex reconstruction. For this purpose, silicon sensors with

thicknesses of 270 � m and 286 � m are used, featuring pixels of 100� 150� m. In total,

the system provides approximately 66 million independent readout channels, resulting

in spatial resolution on track reconstruction between 10 and 20 � m [15].

The strip tracker covers the regions farther from the interaction point, where particle

occupancy is lower and sensors with lower granularity can be employed. The detector

is divided into di�erent sectors: Inner Barrel (TIB) and Outer Barrel (TOB), along with

four Inner Disks (TID) and two endcap sections (TEC), resulting in a total of 14 layers in

the barrel and 12 in the endcaps.

The sensors are 320 � m and 500 � m thick, segmented into strips of 80 � m and 180

� m width, respectively. The system comprises approximately 9.3 million readout chan-

nels [16], with analog signal readout. In terms of performance, the inner layers achieve

a spatial resolution of 23�34 � m in the r� � plane and 23 � m along the z-axis. The

outermost layers, which use wider strips, provide a slightly lower resolution: 34�53 � m

in the r� � plane and 52 � m along the z-axis [12].

A special feature of the current CMS tracker is its ability to utilize the analog information

on the collected charge by the pixel and strip sensors. This capability can be used either

to improve the spatial resolution�particularly when multiple adjacent channels register

a signal in the same event�or to perform particle identi�cation, as particles deposit

energy in the silicon (dE=dx) according to their velocity and mass.

2.3.2 The trigger system

At the LHC, collisions occur at a rate of 40 MHz, producing an enormous amount of data.

While it would be ideal to record all events for later analysis, this is currently unfeasible

due to technical and storage limitations. Therefore, a selection of the recorded data must

be performed to retain only the most relevant events for o�ine analysis. Fortunately, the

CMS physics program often targets rare processes (� 1 Hz), which allows a signi�cant

fraction of events to be discarded at an early stage.
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To perform this selection, the CMS trigger system is organized into two stages: the

Level-1 Trigger (L1T) and the High-Level Trigger (HLT). The L1T is responsible for the

�rst, rapid selection using coarse but fast decision-making criteria, while the HLT applies

more sophisticated algorithms at a later stage, with access to more complete event

information.

The L1T receives input from the ECAL, HCAL, and muon detectors. Based on simple

cuts on physical quantities such as energy and transverse momentum, it generates a

signal known as the Level-1 Accept (L1A) when an event is deemed interesting enough to

be passed on to the HLT. This decision logic is implemented in custom electronics based

on Field-Programmable Gate Arrays (FPGAs), which allow high-speed, low-latency

processing. The L1T reduces the event rate by a factor of approximately 400, bringing it

down to around 100 kHz. It operates with a latency of about 3.9 � s, during which the

data are temporarily stored in front-end pipelines and bu�ers. Only events associated

with an L1A signal are retained for further processing.

The HLT is a parallel computing system capable of accessing data from all CMS sub-

detectors and sub-systems, including the output of the L1T. It operates on a dedicated

CPU farm, where more sophisticated and computationally intensive algorithms are

applied to the events selected by the Level-1 Trigger. These algorithms can take longer

processing times�typically greater than 40 ms �to make a decision. In this way, the

HLT acts as a second-level selection, re�ning the output of the L1T before events are

permanently stored. Only if an event is also accepted by the HLT is it passed on to the

CMS Computing Services for permanent storage and subsequent o�ine analysis.
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Particles interaction with matter and

silicon detectors

In high-energy physics detectors, multiple sub-detectors are employed, each designed

to measure speci�c properties of the particles that traverse them. For tracking systems

at hadron colliders, one of the most widely adopted technologies today is that of silicon

semiconductor detectors.

These detectors o�er excellent spatial resolution�on the order of a few � m �and can

be read out with electronics fast enough to handle collisions occurring every 25 ns.

Furthermore, their high granularity ensures low occupancy, even in the high-radiation

environment of a hadron collider.

The detection principle relies on the ionization of silicon by charged particles passing

through it. The generated electron-hole pairs induce a small current, which signals the

passage of a charged particle. Silicon has a relatively low average ionization energy

(W = 3:62 eV), compared to other materials (like diamond, W = 13:1 eV), allowing for

the production of a su�ciently large signal with minimal material thickness�an essential

factor to reduce multiple scattering and energy loss.

By segmenting the sensitive volume into many small readout channels, typically tens

of micrometers in size, excellent spatial resolution can be achieved. Placing multiple

layers of such sensors along the path of the particles allows for the reconstruction of

particle tracks by linking the hits left in each layer. This principle forms the basis of all

modern tracking systems.

3.1 Charged particle-matter interaction

When a charged particle passes through matter, it can transfer energy to the medium in

several ways. The most relevant mechanisms for silicon detectors are:

ˆ Excitation: Elevation of one or more electrons to a higher energy level, followed by

de-excitation.

ˆ Ionization: Removal of electrons from atoms, resulting in the creation of electron-

hole (e-h) pairs, which are exploited for signal detection.

ˆ Nuclear reactions with silicon lattice atoms.
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Figure 3.7: Mass stopping power ( dE
dx�� , where � is the material density) for positive muons in

copper as a function of �
 = p=mc. Solid curves indicate the total stopping power. The various
lines and sectors are discussed in great details in [17].

The average energy loss due to ionization can be described by the well-known Bethe-

Bloch formula1, given in equation 3.6 and illustrated in �gure 3.7.

h�
dE
dx

i = 4�N A r 2
emec2z2 Z

A
1
� 2

�
1
2

ln
2mec2� 2
 2Wmax

I 2
� � 2 �

� (�
 )
2

�
(3.6)

Where NA is the avogadro number, me and re are the electron mass and classical radius,

c is the speed of light, z is the charge number of incident particle, Z and A the atomic

and mass numbers of the absorber, � and 
 have the usual relativistic meaning, I is the

mean excitation energy in eV, � (�
 ) is the density e�ect correction to ionization energy

loss, and �nally Wmax is the maximum energy transfer to an electron in a single collision,

and can be computed as:

Wmax =
2mec2� 2
 2

1 + 2
m e=M + ( me=M)2
(3.7)

It is worth noting that, according to the Bethe-Bloch formula, the minimum of the energy

loss curve is nearly the same for all heavy particles with the same charge, as illustrated

in �gure 3.8. This characteristic minimum value is indicated in �gure 3.7 as the minimum

ionization, and a particle depositing this amount of energy in the material is referred to

as a Minimum Ionizing Particle (MIP).

1The Bethe-Bloch formula is derived under the assumption that the motion of the ionizing particle
remains essentially una�ected by its interactions with the material. For this reason, it is valid for heavy
particles, whose trajectories are only minimally de�ected by collisions with atomic electrons.
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The average number of electron-hole pairs produced in a material by an ionizing particle

can be estimated by dividing the average energy deposited�given by equation 3.6�by

the material's mean ionization energy W (e.g., for silicon, W = 3:62 eV):

Neh =
Edep

W
(3.8)

Recalling the relativistic relation between momentum and �
 , given by p = m�
c , it

follows that for the same momentum, incident particles with di�erent masses will have

di�erent values of �
 . Since the Bethe-Bloch formula depends explicitly only on �
 and

not directly on the momentum, particles with equal momentum but di�erent masses

deposit di�erent amounts of energy in the material, as illustrated in �gure 3.8. This

behavior is exploited in many experiments to identify the type of particle traversing the

material.

Figure 3.8: Bethe-Bloch prediction for di�erent particle types normalized to the MIP energy loss.
Also electrons are reported, even if they do not obey to the Bethe-Bloch formula since they are
not heavy particles [18].

On top of what has been said so far, it is important to point out that the energy deposition

process is subject to signi�cant statistical �uctuations due to a variety of secondary

e�ects. One such e�ect is the emission of delta rays (� -rays, section 3.4.2)�high-energy

electrons that, once ejected, can themselves ionize the medium and create additional

e-h pairs. As a result, the energy loss distribution is not Gaussian but follows a skewed

distribution known as the Landau-Vavilov distribution, whose probability density function

is shown in equation 3.9 and �gure 3.9.

p(x) =
1
�

Z + 1

0
e� t log( t )� xt sin(�t )dt (3.9)

Moreover, due to the physical constraints of the e-h pair creation process, the resulting

number of pairs does not follow a Poisson distribution with variance � 2
poisson = Neh.
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Figure 3.9: Landau distribution (solid line) with arbitrary scales. Indicating the Full-Width-Half-
Maximum (FWHM), the mean value and the Most Probable Value (MPV).

Instead, the variance is suppressed and is given by:

� 2 = F � Neh (3.10)

where F is the Fano factor , which accounts for the correlation among ionization pro-

cesses. F is an intrinsic material constant and is to be independent of incident particles.

However in the literature various values are reported for silicon, which are similar in

magnitude but can di�er depending on the experimental conditions. As a reference, for

silicon at a temperature of 87 K and incoming protons with energies between 0.989 and

4.537 MeV , the measured value is 0:16� 0:04 [19].

3.2 Intrinsic and extrinsic silicon

The properties of silicon as a semiconductor make it ideal for the needs of tracking

devices for particle physics. In semiconductors, the energy levels can be described

using a band structure model. The levels available to electrons are grouped into allowed

and forbidden zones, forming what are known as energy bands. The probability of an

electron occupying a given allowed state at energy E is described by the Fermi-Dirac

distribution :

f (E) =
1

e(E � EF )=(kB T ) + 1
where f (E = EF ) =

1
2

(3.11)

where kB is the Boltzmann constant, T is the temperature in Kelvin, and EF is the Fermi

energy, de�ned in equation 3.11 on the right.

As T approaches 0, the distribution becomes a step function: the probability of �nding

an electron at energy E < E F approaches 1, while for E > E F it tends toward 0.
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Figure 3.10: Energy band con�guration for conductors, insulators, and semiconductors. The
valence band energy (EV ), conduction band energy (EC ), and Fermi energy (EF ) are indicated.

Figure 3.10 illustrates the band diagrams and Fermi levels for conductors, insulators,

and semiconductors. The highest fully occupied energy level is referred to as the

valence band (EV ), while the lowest unoccupied or partially occupied level is called the

conduction band (EC ). The energy di�erence between them is known as the band gap

(EG).

As shown in the �gure, conductors have the Fermi level within the conduction band or

overlapping with it, which allows free electrons to conduct current. Insulators have a wide

band gap, with the Fermi level located between EV and EC , making thermal excitation

across the gap negligible. Semiconductors, on the other hand, have a relatively small

band gap, with EF lying approximately in the middle. For T approaching 0 K, all electrons

reside in the valence band and the material behaves as an insulator. For T > 0K thermal

excitations allow some electrons to transition from the valence band to the conduction

band, leaving behind an electron-hole pair: the electron now occupies a state in the

conduction band, while a so called hole resides in the valence band. These two are

collectively referred to as charge carriers.

Silicon is chosen precisely because it is a semiconductor. Its band gap is EG = 1:12eV,

which means that an external excitation�such as a charged particle passing through

the material�can promote a non-negligible number of electrons from the valence band

to the conduction band, generating a measurable signal.

Unfortunately, pure silicon (also known as intrinsic silicon) is not suitable for use as

a detector material at room temperature. Thermal excitations produce a large number

of charge carriers, which can obscure or overwhelm the signal generated by a passing

particle. To give an idea, a minimum ionizing particle traversing a 300 � m thick silicon

sensor typically generates � 2� 104 electron-hole pairs. In comparison, thermal excitation

in a 300� m � 1 cm2 volume of silicon can produce a much higher number of carriers

(on the order of 108 at 300 K), severely degrading the signal-to-noise ratio.

To overcome this limitation, silicon in detectors is typically mixed (so called doped) with

other elements, introducing impurities into the crystal lattice. This results in extrinsic

semiconductors. When properly engineered, such as in the case of PN junctions (see
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section 3.3), extrinsic semiconductors can be used to build highly e�ective detectors,

where the e�ects of thermal noise are almost entirely suppressed.

Extrinsic semiconductors

In extrinsic semiconductors, atoms of another material are introduced into the host

semiconductor�such as silicon�through a process known as doping. This involves

replacing some atoms in the crystal lattice with atoms of di�erent elements.

Silicon belongs to group IV of the periodic table and forms four covalent bonds, sharing

its four valence electrons with neighboring atoms in the lattice. When silicon is doped

with an element from group III, such as boron, which has only three valence electrons,

one of the four required bonds in the lattice remains incomplete. This results in the

formation of an electron "vacancy," or hole, and such dopant atoms are called acceptors.

Doping alters the band structure of the semiconductor, particularly the Fermi energy

level. In the classic low-doping regime (with dopant concentration NA ), several things

occur: the Fermi level shifts downward (toward the valence band), the more so as the NA

increases; and an additional energy level EA is introduced just above the valence band.

This acceptor level can be populated by electrons from the valence band, requiring

much less energy than that needed for excitation to the conduction band (as illustrated in

�gure 3.11). Consequently, many of the electrons leaving the valence band will occupy

the EA level instead of reaching the conduction band. In this con�guration, holes are

the majority charge carriers, and the material is called a p-type semiconductor.

Conversely, if silicon is doped with a group V element, such as phosphorus, which has

�ve valence electrons, the extra electron becomes only weakly bound in the lattice and

can be easily excited into the conduction band. These dopants are called donors. In

this case, a new energy level ED is introduced just below the conduction band, and

the Fermi energy shifts upward with increasing donor concentration ND . Electrons can

move into the conduction band with a small energy input, making them the majority

charge carriers. Such a material is referred to as an n-type semiconductor.

The energy levels introduced by dopant atoms are located very close to the conduction

band (for n-type semiconductors) or the valence band (for p-type semiconductors). As a

result, at room temperature, the thermal energy is su�cient to fully ionize them.

For reference, in n-type silicon doped with ND = 1016 cm� 3, at 300 K under equilibrium

conditions and assuming full ionization, the free electron concentration n is approximately

equal to the donor concentration: n � ND = 1016 cm� 3. As a consequence, in n-type or

p-type semiconductors alone, the amount of free carriers due to thermal excitation is

enough to fully cover the 104 signal from a MIP.

By combining an n-type and a p-type semiconductor, it is possible to create a so-called

PN junction (explained in detail in section 3.3). This con�guration allows for the forma-

tion of a region within the material that is free of mobile charge carriers even at room

temperature. Such a region, known as the depletion zone, makes the PN junction an

excellent candidate for use in particle detectors.
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Figure 3.11: Simpli�ed representation of the energy band structure in extrinsic semiconductors.
E i

F denotes the Fermi energy of intrinsic silicon, while E A
F and E D

F represent the Fermi energies
of p-type and n-type semiconductors, respectively. The additional energy levels introduced by
doping are labeled EA (acceptor level) and ED (donor level). Electrons (negative charge carriers)
are shown in blue, while holes (positive charge carriers) are shown in red.

3.3 PN-junction

To make a good silicon detector it is necessary to "empty" a region of the material

of thermally generated charge carriers, so that only the ionization caused by incident

particles is detected. This can be achieved through the use of a PN junction.

A PN junction is formed by placing p-doped and n-doped silicon in contact. At the

interface between the two regions, charge carriers di�use: excess electrons from the

n-type region migrate into the p-type region, where they recombine with holes. As a

result, electrons leave behind ionized donor atoms in the n-region, while holes are �lled

in the p-region, resulting in negatively charged acceptor atoms.

This movement creates a region near the junction where �xed charges accumulate:

negative on the p-side and positive on the n-side. This results in the formation of an

internal electric �eld, which generates a drift current in the opposite direction of the initial

di�usion. The two currents eventually balance each other, establishing a region devoid

of mobile charge carriers near the junction�this is known as the depletion region

(illustrated in �gure 3.12).

The depletion region acts as the sensitive volume of the detector: it is free of thermally

generated carriers, so almost any e-h pair generated in this zone is predominantly due

to the passage of an ionizing particle.

The distribution of �xed charges at the interface between p-type and n-type materials

necessarily gives rise to an electric �eld and a potential di�erence across the junction.

Based on the model discussed previously, it is possible to analytically calculate these

quantities, as outlined below.
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Figure 3.12: Simpli�ed representation of a PN junction. The p-type silicon region in red and
n-type region in blue. The �gure illustrates the directions of the di�usion and drift currents at
equilibrium, as well as the spatial distribution of �xed negative (acceptor) and positive (donor)
ionized charges.

Assuming the charge carriers are electrons (of charge � e) and holes (of charge e), the

charge distribution � (x) near the junction (as shown in �gure 3.12) is given by:

� (x) =

8
>>><

>>>:

� eNA ; for � xp < x < 0 (p-side)

+ eND ; for 0 < x < x n (n-side)

0; otherwise

(3.12)

Using Poisson's equation d2V (x)
dx2 = � � (x)

" and integrating accordingly, one can derive

expressions for the electric �eld E(x) and the electrostatic potential V(x):

E(x) =

8
<

:
� eNA

" (x + xp); � xp < x < 0
eND

" (xn � x); 0 < x < x n

(3.13)

V(x) =

8
<

:

eNA
" ( x2

2 + xpx) + c; � xp < x < 0

� eND
" ( x2

2 � xnx) + c; 0 < x < x n

(3.14)

Where c is an arbitrary constant of integration. Since only potential di�erences have

physical signi�cance, this constant has no impact on the physics and can be chosen freely.

From these expressions, the following detector-relevant quantities can be extracted:

ˆ The built-in potential, Vbi, de�ned as the potential di�erence across the junction at

thermal equilibrium:

Vbi = �
Z xn

� xp

E(x) =
e
2"

(NA x2
p + ND x2

n ) (3.15)

ˆ xp and xn as a function of the bias voltage, using the charge neutrality condition
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NA xp = ND xn :

xn =

s
2"Vbi

eND (1 + ND =NA )
xp =

s
2"Vbi

eNA (1 + NA =ND )
(3.16)

ˆ The total width W of the depletion region:

W = xp + xn =

r
2"
e

�
NA + ND

NA ND
� Vbi (3.17)

This quantity is of crucial importance for detectors, as it determines the size of the

sensitive (depleted) volume in which ionization signals from passing particles can be

collected.

In practical detectors, the built-in potential Vbi is not su�cient to fully collect the charge

produced by ionizing radiation. An additional external voltage is applied across the

junction. If the applied voltage V opposes the built-in potential, the junction is said to be

forward biased, which is the operating mode of standard diodes. In contrast, in particle

detectors, the junction is reverse biased in order to strengthen the internal electric �eld

and enlarge the depletion region:

W =

s
2"
q

�
NA + ND

NA ND
� Vtotal where Vtotal = Vbi � Vext (3.18)

Vext > 0 corresponds to forward bias, and Vext < 0 to reverse bias. Reverse biasing is

essential for improving signal collection and increase the sensitive volume in silicon

detectors.

3.4 Silicon sensors

The PN junction forms the basis of modern silicon sensors used in the tracking systems

of LHC experiments and others. The vast majority of these sensors adopt a planar geom-

etry, meaning that they are fabricated starting from a wafer of n-doped (p-doped) silicon,

which is then segmented through the implantation of p-doped (n-doped) regions. The

most common geometries for these implants are strips, which provide one-dimensional

position information, and pixels, which allow for two-dimensional position reconstruction.

One of the simplest and most commonly used example of this technology is the so-called

p-on-n sensor, illustrated in �gure 3.13. In this design, a bulk substrate of n-type silicon

serves as the active volume, and p+ implants are embedded on the front side to collect

the holes (positive charge carriers) generated by ionizing radiation. An n+ layer is applied

on the backplane to collect the electrons (negative charge carriers).
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Figure 3.13: Sensor segmentation for p-on-n technology, with electric �led, and charge direction
representation.

The notation p+ and n+ refers to regions of heavy doping, meaning doping concentrations

signi�cantly higher than those in the bulk, typically exceeding one dopant atom per ten

thousand silicon atoms.

Where necessary, layers of SiO2 are added between adjacent implants to prevent

electrical crosstalk, and a thin layer of aluminum is deposited for metal contacts, allowing

signal readout by the front-end electronics.

To enable uniform sensor biasing, each p+ implant is connected to a common bias ring

through a polysilicon resistor, while the Al backplate is used to distribute the bias from the

back of the device. This setup ensures an even distribution of the applied reverse-bias

voltage across the segmented sensor.

The performance of a silicon detector is in�uenced by several factors, among which

two of the most signi�cant are the spacing between charge-collecting implants and the

applied bias voltage.

The distance between adjacent implants, commonly referred to as the pitch of the sensor,

plays a critical role in determining the detector's spatial resolution. This is particularly

important for tracking detectors, where precise reconstruction of the particle trajectory

is essential. The other key parameter is the bias voltage applied across the sensor.

As discussed previously, silicon detectors operate using reverse-biased PN junctions.

The appropriate voltage level is not �xed, but must be chosen as a trade-o� between

e�cient charge collection and minimization of thermal noise. Additionally, the optimal

bias voltage depends on the level of radiation damage sustained by the detector over

time�a crucial consideration for long-term operation at the HL-LHC.

3.4.1 Signal Formation in Silicon

The �nal aspect to be addressed before examining the detector architectures in detail

is the mechanism of signal generation by an incident particle. When ionizing radiation

traverses the depleted region of a PN junction, it produces electron-hole pairs. In a

p-on-n sensor, the generated electrons drift toward the backplane (n+ contact), while
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the holes migrate toward the p+ implants.

Importantly, the signal read out by the electronics is not produced by the collection of the

charges themselves, but rather by their movement within the silicon bulk. This process

is governed by the externally applied electric �eld (bias voltage), and the mechanism of

signal induction is described by the Shockley-Ramo theorem [20, 21]. According to

this theorem, the current induced on an electrode is not directly caused by the arrival of

charge, but instead by the time-dependent redistribution of the electrostatic �eld lines

terminating on the electrode due to the motion of charge carriers.

It can be shown that, at the end of the collection process, assuming a charge collection

e�ciency (CCE) of 100%, the total induced charge Q is equal to the total charge Q0

released by the ionizing particle:

CCE =
Q
Q0

(3.19)

In real detectors, however, the CCE is typically less than 100%. It depends on several

factors, including the geometry of the implants (which determines the shape of the

electric �eld within the sensitive volume), the applied bias voltage, and the degree of

radiation damage sustained by the sensor.

Radiation damage introduces defects in the silicon lattice, often referred to as traps, that

can temporarily capture charge carriers during their drift. These traps reduce the amount

of charge successfully collected, thereby lowering the CCE and degrading detector

performance.

3.4.2 Particle detection in silicon sensors

In the context of this thesis it is crucial to understand how signal generation and process-

ing are handled conceptually in silicon detectors. When an ionizing particle traverses the

sensor, it creates electron-hole pairs along its path. These charge carriers drift under the

in�uence of the internal electric �eld, inducing a signal that is collected by the readout

electronics in each individual channel�whether a strip or a pixel. In the readout electron-

ics, the signal amplitude in each channel is used to decide if that channel recorded a so

called hit or not. When the signal in a channel exceeds a prede�ned threshold�typically

expressed in equivalent electrons�a hit in that channel is registered.

A key point to consider is that a particle can intersect the sensor at di�erent positions

and angles. It might pass entirely through a single channel, producing one hit, or cross

the boundary between two adjacent channels, resulting in signals above threshold in

both, and thus multiple hits. The observed pattern of hits depends on factors such as the

spatial distribution of the generated charge carriers, the sensor's electric �eld con�gura-

tion, the impact point, and the particle's angle of incidence. For this reason, a group of

adjacent hits is collectively referred to as a cluster, and the number of channels involved

in each cluster is known as cluster size or cluster width. This process is summarized in
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�gure 3.14 2.

Figure 3.14: Schematic illustration of charge deposition in a silicon sensor. Left: typical ionizing
particle leading to a cluster of size 2. Right: � -ray event, resulting in a larger cluster of size 5.

It is important to clarify that the scenario just described represents the typical case of

an ionizing particle traversing the sensor. However, the interaction between charged

particles and matter is a complex process, and other e�ects can occur. One of the

relevant issues that requires careful consideration during data analysis is the production

of � -rays. These are secondary electrons that have been knocked out of the crystal

lattice by the incident particle and have gained su�cient kinetic energy to further ionize

the silicon, as shown in �gure 3.14 (on the right). Such events result in larger clusters,

with the cluster size generally increasing with the kinetic energy of the emitted secondary

electron.

Referring to the notation used in equation 3.6, and under the approximation that the

kinetic energy T of the secondary emitted electron satis�es I � T � Wmax, the following

relation holds [17]:

d2N
dTdx

= 2�N A r 2
emec2z2 Z

A
1
� 2

F (T)
T2

; (3.20)

where the factor F is spin-dependent and is detailed in [17, 22].

In general, the probability of producing a � -ray with kinetic energy T decreases as T

increases. As a result, very large clusters are rare, which is worth noticing since such

clusters complicate the precise determination of the incident particle's position.

The determination of the position of an incident particle can be approached in two ways:

ˆ If only the geometric information of the cluster is available, the particle's position is

estimated as the geometric center of the cluster.

ˆ If the charge collected in each channel of the cluster is known, a weighted average

can be computed instead of using the geometric center of the cluster. This allows

for a more precise position estimate, especially for larger clusters caused by � -rays.

2it is important to clarify that, although hit and cluster have distinct de�nitions, both terms are often
used informally to refer to the signal measured by the sensor when a particle passes through it. From this
point onward, the two terms will be used interchangeably when the speci�c de�nition is not relevant.
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From this discussion, it is evident that high sensor granularity is essential for maximiz-

ing the precision of the particle position estimate. This requirement is a fundamental

motivation behind the design of silicon sensors in modern tracking detectors.
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High Luminosity LHC and CMS

upgrade

4.1 The High Luminosity upgrade

Between 2026 and 2030, the LHC will undergo an upgrade to enter the so-called High-

Luminosity phase (HL-LHC). Its objective is to achieve an instantaneous luminosity

of 5 � 7 � 1034 cm� 2s� 1 and an integrated luminosity of 3000 - 4000 fb� 1 [23], while

maintaining a center-of-mass energy of 13.6-14 TeV.

This upgrade will enable the experiments along the LHC ring to collect signi�cantly larger

datasets in a shorter time, allowing for more precise studies of known processes�such

as the Higgs boson self-coupling�as well as enhanced sensitivity to rare events and

possible signals of physics beyond the Standard Model.

Figure 4.15: LHC/ HL-LHC time schedule [24].

CMS and ATLAS, both currently installed in the ring, will require upgrades to cope with

the increased number of overlapping proton-proton interactions per bunch crossing

(known as pile-up, PU) reaching up to 200 � as well as higher occupancy and elevated
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levels of ambient radiation. In particular, enhancements to the trigger systems and

improvements in radiation hardness will be crucial to accommodate the challenging

conditions.

To illustrate the potential physics reach of the HL-LHC, �gure 4.16 (left) presents the

coupling modi�ers � i of the Higgs boson to various Standard Model particles, as extracted

from the full Run 2 dataset [25]. These modi�ers are de�ned as the ratio between the

measured Higgs coupling and the corresponding Standard Model prediction, � i =

gmeasured
i =gSM

i .

Figure 4.16 (right) displays the projected uncertainties on these coupling modi�ers,

obtained by combining data from the CMS and ATLAS experiments after the HL-phase.

These projections assume a total integrated luminosity of 3000fb� 1 of proton-proton

collisions and no decays beyond those predicted by the SM [26].

Figure 4.16: Left: Coupling modi�ers � i of the Higgs boson to various Standard Model particles,
extracted from the full CMS Run 2 dataset [25]. Right: Projected uncertainties on the same
Higgs boson coupling modi�ers after the HL-LHC data-taking period, assuming 3000 fb � 1 of
integrated luminosity per experiment. The results shown are the combination of ATLAS and CMS
data [26]. Here, S2 refers to Scenario 2, a projection benchmark assuming improved systematic
and theoretical uncertainties used in simulations.

For brevity, the coupling modi�er � � can be taken as a representative example. At

the end of Run 2, its measured value was � � = 1:12+0 :21
� 0:22, corresponding to a relative

uncertainty of approximately 19%. With the high luminosity phase, the increased dataset

will enable precise studies of the Higgs coupling to lighter particles, such as muons. In

the Yukawa sector the Higgs coupling to fermions is proportional to their mass, making

this decay a very rare process where the large statistics provided by a hadron collider
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such the LHC is crucial. A precise measurement of the muon coupling is particularly

important, as it provides a direct probe of a second-generation particle. At the end of the

High-Luminosity LHC, the total projected uncertainty on � � , combining CMS and ATLAS

data, is expected to reach 3%, clearly demonstrating the physics potential unlocked by

the collider upgrade.

4.2 CMS phase-2 upgrade

To fully exploit the opportunities and address the challenges presented by the high

luminosity phase, the CMS detector will undergo substantial upgrades to several of its

subdetectors during Long Shutdown 3 (LS3). The most signi�cant of these enhance-

ments are detailed in the following sections.

Tracker Upgrade

The current tracker in CMS was designed to operate at an instantaneous luminosity of

1 � 1034 cm� 2s� 1 and to withstand an integrated luminosity of up to 500 fb� 1. However,

studies have shown [27, 28] that beyond an integrated luminosity of approximately

1000fb� 1, the physics performance begins to degrade signi�cantly, even at the nominal

cooling temperature. In addition, the Phase-2 physics program would be constrained

by limitations in readout bandwidth and trigger latency. For these reasons, the entire

tracker must be replaced in preparation for the High-Luminosity LHC era.

Figure 4.17: Integrated particle �uence in 1 MeV neutron equivalent per cm2, for the Phase-2
tracker. The estimates shown correspond to a total integrated luminosity of 3000 fb� 1 of pp
collisions at

p
s = 14 TeV [29].

The CMS Phase-2 tracker will consist of two subdetectors: the Inner Tracker (IT),

composed exclusively of pixel modules, and the Outer Tracker (OT), made of strip and

macro-pixel modules. The main objectives of the new design are as follows [29]:

ˆ Withstand the full duration of the High-Luminosity LHC phase, corresponding to an

integrated luminosity of 3000 fb� 1, and potentially up to 4000 fb� 1 in the ultimate

performance scenario.
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ˆ Increased granularity with a target readout channel occupancy below the percent

level (permille level) in the Outer Tracker (Inner Tracker) to ensure e�cient tracking

with a high level of pile-up.

ˆ Improved two-track separation, in order to optimally exploit the large amounts of

collision data that will be taken during high luminosity operation

ˆ Reduce the overall material budget to prevent degradation of measurements in

downstream subdetectors, such as the calorimeters.

ˆ Extend the pseudorapidity coverage up to j� j < 4.

ˆ trigger capabilities: to maintain and potentially enhance performance across a

broad range of physics channels, CMS has decided to include tracking information

in the Level-1 Trigger, not only due to the increased event rate, but also because

traditional selection algorithms lose e�ciency under high pile-up conditions.

This last point is of crucial importance for the Phase-2 physics program. For the �rst

time in a high-energy physics experiment, specially designed modules�known as pT-

modules (see section 4.3)�will be employed in the Outer Tracker. These modules will

be capable of selecting only those tracks that exceed a prede�ned transverse momentum

(pT) threshold, with latency low enough to allow their use in the L1-Trigger decision.

More details about the upgraded Outer Tracker and its performance will be given in

sections 4.3 and 4.4

MIP Timing Detector

Another major upgrade is the introduction of a completely new subdetector: the Minimum

Ionizing Particles (MIP) Timing Detector (MTD). The MTD will provide precise timing

measurements for minimum ionizing particles, with a resolution of approximately 30-40

ps at the start of the High-Luminosity phase, degrading to about 50�60 ps by the end

of the run due to radiation damage. The underlying idea is that, due to the longitudinal

spread of the beam bunches along the z-axis, not all events contributing to pile-up occur

exactly at the same time. They occur distributed over time with an rms of 180�200

ps. Therefore, by adding precise timing information to the spatial reconstruction of

tracks and vertices, the ambiguity in vertex association can be signi�cantly reduced.

The MTD will include a timing layer both in the barrel region (Barrel Timing Layer, BTL)

and in the endcap regions (Endcap Timing Layer, ETL). In the BTL, the detector will

consist of LYSO crystal scintillators, read out by SiPMs operated in Geiger mode. In the

ETL, timing measurements will be performed using low-gain avalanche diodes (LGADs),

which provide excellent time resolution even under high-radiation conditions [30].
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High Granularity Calorimeter

To cope with the large number of jets expected in the forward regions of the calorimeters,

the current endcaps will be replaced by the High Granularity Calorimeter (HGCAL). This

new detector will be a sampling calorimeter that exploits the excellent radiation hardness

of silicon sensors, which will be used as the active material in the innermost, highest-

radiation regions. While in the outer regions, scintillator tiles will be employed instead.

The HGCAL will not only provide outstanding performance in the three-dimensional

reconstruction of jets, but it will also o�er precise timing information for particle showers,

with a resolution of the order of 30 ps [31].

L1 trigger Upgrade

To achieve the goals of the HL-LHC physics program also the L1-trigger needs to be

upgraded. The new one will improve physics selectivity already at the hardware level of

the data acquisition chain.

The rough hadronic environment, with up to 200 simultaneous proton-proton collisions

per bunch crossing, imposes strict performance requirements on the trigger system. In

order to fully exploit the extended coverage and increased granularity of the upgraded

CMS detector, the L1 system latency is increased from 3.9 � s to 12.5 � s. For the �rst

time, information from tracking and high-granularity calorimetry will be available at the L1

stage. Additionally, the maximum output bandwidth is raised from 100 kHz to 750 kHz,

ensuring that physics performance can be maintained despite the harsher operating

conditions [32].

4.3 Outer Tracker PS and 2S silicon modules

In order for the new CMS Outer Tracker to contribute to the decision-making process

of the Level-1 trigger, it will be equipped with two specially engineered silicon modules:

the 2S modules , located in the outermost region of the tracker, and the PS modules ,

positioned closer to the interaction point, as illustrated in �gure 4.23. These are generally

referred to as pT-modules, and are designed to select only particles exceeding a certain

transverse momentum threshold.

Each pT-module consists of two parallel n-on-p silicon sensors, with active thickness of

290 � m, separated by a few millimeters gap:

ˆ The PS module combines a silicon microstrip sensor with a macro-pixel sensor.

The strip sensor features two columns of 960 strips each, with dimensions of

2:5cm � 100� m. The macro-pixel sensor contains a matrix of 32� 960pixels, each

measuring 1:5mm � 100� m. Three con�gurations are available, with sensor-to-

sensor gaps of 1:6mm, 2:6mm, and 4:0mm.

ˆ The 2S module consists of two strip sensors, each with two columns of 1016 strips
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and a single strip size of 5:0cm � 90� m. Two con�gurations are implemented, with

sensor separations of 1:8mm and 4:0mm.

The particle selection principle implemented by these modules exploits the curvature

of charged particle tracks in the presence of a magnetic �eld B , as inside the CMS

solenoid. A particle with transverse momentum pT and electric charge q follows a

projected trajectory on the xy-plane with curvature radius R, governed by the known

formula R = pT
qB . Particles originating from the interaction point traverse the two sensors

in each tracker layer, leaving in them two hits, as shown in �gure 4.18.

Figure 4.18: Particle track projection on the
xy-plane of the CMS reference frame. Three
red dots highlight the three known points used
to reconstruct the curvature radius.

Figure 4.19: Schematic illustration of the hit ge-
ometry in a pT-module. The spacing between
the two sensors is denoted by d.

Each track goes through three points: the collision point of the beam where the particle

was created, a hit in the �rst sensor (referred to as the seed sensor), and a hit in the

second sensor (called the correlated sensor). Since a unique circle can be de�ned

through three non-collinear points, with a simple system of three equations, the radius

of curvature, and hence the pT of the incident particle, can be estimated.

From �gures 4.18 and 4.19 the relationship between � and pT is clear: larger � corre-

spond to smaller curvature radii, and thus to lower pT; smaller � imply bigger curvature

radii and higher pT. The sensors are speci�cally designed to exploit this correlation.

When a hit is registered in the seed sensor, a programmable window of active channels

is opened in the correlated sensor. If the particle also produces a hit within this window,

the hit pair is accepted and forms what is known as a stub , as shown in �gure 4.20. In

cases where a cluster of adjacent hits is present instead of a single hit, the cluster cen-

ter�de�ned as the geometrical center of the contributing channels, see section 4.3.1�is

used as the reference point for evaluating the stub logic. These stubs serve as inputs

to the L1 Track reconstruction system. Tracks reconstructed from stubs, from di�erent

tracking layers, contribute directly to the L1 trigger decision process.

From the diagrams shown in �gures 4.18 and 4.19, it is evident that the transverse

momentum selection capability of the pT-modules depends on both the programmable
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Figure 4.20: The transverse momentum discrimination concept is illustrated with top (strip) and
bottom (pixel) sensors. A programmable search window, shown in green, correlates the hits
on both sensors to create a stub if the hit on the strip sensor is detected within the window. An
example of a high momentum particle creating a stub is shown on the left. An example of low
momentum particle with higher angle, due to the curvature in the magnetic �eld, is shown on the
right. No stub will be created in the latter case.

window size and the spacing between the two silicon sensors in the module. Given

the CMS physics requirement to select only particles with pT > 2GeV, di�erent module

con�gurations are employed to maintain the same pT threshold across varying radial

distances from the interaction point, as described in [29].

4.3.1 PS-Module architecture

As written above the sensing part of the detector consists of two main components: the

(PS-p), composed of a matrix of 32 � 960macro-pixels, and the strip sensor (PS-s),

which comprises a matrix of 2 � 960strips.

The PS-s is read out by 16 Short Strip ASICs (SSA) [33], which are wire-bonded to the

sensor. Each SSA manages 120 adjacent strips and they are arranged in a con�guration

of two rows and eight columns. The PS-p is read by 16 Macro-Pixel ASICs (MPA) [34],

also arranged in two rows and eight columns. Each MPA handles a submatrix of 120� 16

pixels and is bump-bonded to the PS-p sensor, forming what is known as the Macro-Pixel

Sub-Assembly (MaPSA).The overall sensitive area of the PS module is approximately

5 � 10cm2.

The PS-s and the MaPSA are separated by Aluminum Nitride (AlN) spacers, and the

entire assembly is supported by a Carbon Fiber Reinforced Polymer (CFRP) baseplate

for mechanical stability.

The PS module includes the following major components:

ˆ Two Front-End Hybrids (FEH), each hosting eight SSAs, eight MPAs and a Con-

centrator Integrated Circuit (CIC) [35], which aggregates and reduces the data

output from its corresponding eight SSA and eight MPA chips.

ˆ One Readout Hybrid (ROH), which hosts a CERN low-power Gigabit Transceiver

(lpGBT) ASIC [36]. It manages communication and control of both SSA and MPA

chips and aggregates data received from the two FEHs.
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Figure 4.21: Exploded overview of a PS module. The components indicated by di�erent numbers
are described in the �gure.

ˆ One Power Hybrid (POH), which handles DC-DC conversion and power distribution.

The lpGBT on the ROH is paired with a Versatile Link Transceiver Plus (VTRx+) [37],

which enables bidirectional optical data transmission between the module and the CMS

back-end system. An exploded view of the PS module layout is shown in �gure 4.21.

All of these chips are responsible for reading out the sensor signals, identifying any

stubs generated by incident particles, and transmitting this information to the back-end

system via the VTRx+ at the LHC bunch crossing frequency of 40 MHz.

It is important to highlight a speci�c design feature of the pixel sensor used in this module.

Unlike the strip sensor, whose readout electronics can be connected at the short edges

of the strips, outside the active area, the pixel sensor must integrate certain biasing and

grounding structures throughout its active area. As shown in �gure 4.22, these include

the punch-throughs and the grounding rails .

The punch-through structure serves to ensure a controlled bias voltage distribution

across the pixel implants, allowing excess charge to safely leak to ground when neces-

sary. The grounding rail, on the other hand, is primarily used during the testing phase

before sensor assembly. It provides a common ground connection to the channels, a

task that is later handled by the readout chips once they are mounted after assembly.

These structures are electrically functional but do not contribute to signal collection

from ionizing particles during data taking. Consequently, they create localized regions

within the sensor that are insensitive to passing particles. It is therefore important to

account for their presence when analyzing detection e�ciency and interpreting spatial
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Figure 4.22: Zoomed view of the pixel sensor layout on 4 adjacent pixels, highlighting one
punch-through and one grounding rail. These elements ensure proper biasing and grounding
but are not sensitive to particles.

hit distributions.

The 2S modules adopt a structure similar to that of the PS modules, with the main

distinction being in the type of readout electronics. Instead of using the SSA and MPA

chips, the 2S modules employ the CMS Binary Chip (CBC) [38]. While the internal logic

for stub formation di�ers between the CBC and the SSA-MPA pair, the �nal output is

functionally equivalent: the generation of stubs that can be transmitted to the back-end

systems at the LHC bunch crossing frequency of 40 MHz.

For brevity, 2S-Module design and the stub logic details within the readout chips are

not covered in this thesis. These aspects are documented in the respective technical

references cited above.

In the new Outer Tracker to determine whether a hit has occurred in a sensor channel, the

front-end chips implement a detection mechanism based on a signal amplitude threshold.

This threshold can be expressed in terms of the equivalent number of electrons, as

discussed in more details in section 5.4 on module calibration. A hit is recorded when a

pixel or strip exceeds this threshold, and adjacent hits are grouped into clusters.

A key di�erence between the readout of the new Outer Tracker and the tracker currently

installed in CMS lies in the particle position determination. While the current tracker uses

the analog information on the amount of collected charge from each channel to compute

a weighted average for precise hit positioning, this approach was not possible in the

new Outer Tracker due to the higher data throughput. Although the Inner Tracker retains

analog charge collection information, the Outer Tracker will adopt a fully digital readout

scheme. In this system, the particle position is determined as the geometric center

of the cluster, which, while enabling manageable data rates, comes at the expense of

spatial resolution. Moreover, the absence of charge measurement also means the Outer

Tracker will no longer provide particle identi�cation via dE=dx information.
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Module type Spacing variant Total per variant Total per type

2S
1.8 mm 7256

7680
4.0 mm 424

PS
1.6 mm 826

56162.6 mm 1462
4.0 mm 3328

Table 4.1: Number of module types and spacing con�gurations in the CMS Outer Tracker.

4.4 Outer Tracker geometry and expected physics per-

formance

Figure 4.23: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the green
and yellow lines correspond to the new pixel modules. In the Outer Tracker the blue and red
lines represent the PS and 2S modules described in section 4.3 [29].

Figure 4.23 shows the layout of the upgraded CMS Tracker for Phase-2. The Outer

Tracker surrounds the Inner Tracker and is divided into three main regions: the Tracker

Barrel Pixel-Strip (TBPS), populated with PS modules; the Tracker Barrel Strip-Strip

(TB2S), populated with 2S modules; and the Tracker Endcap Double-Discs (TEDD).

The tracker has a total length of approximately 5 meters and a radius extending to about

1.2 meters. The TBPS and TB2S regions consist of three concentric cylindrical layers

covering jzj < 1200mm. The TEDD region, extending from 1200 < jzj < 2700mm,

includes �ve double-discs on each endcap. PS modules are used in the inner rings of

TEDD, while 2S modules are used in the outer rings.

PS modules, since they include a pixel sensor, are deployed closer to the interaction

point, with the pixels acting as the seed layer and the strips as the correlated layer. In

contrast, 2S modules are placed farther from the beamline, where the occupancy is

lower.

The number of modules used for each con�guration is summarized in table 4.1.
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Physics projections

After presenting the design and fundamental operating principles of the new Outer

Tracker, this section illustrates performance projections based on full simulations of the

CMS Phase-2 detector.

Figure 4.24 compares the transverse momentum resolution achieved with the Phase-1

(black) and Phase-2 (red) trackers as a function of pseudorapidity, using a sample of

isolated muons with pT = 10 GeV. The improved geometry and additional tracking layers

of the Phase-2 upgrade result in signi�cantly better momentum resolution across a broad

range of � .

Figure 4.25 shows the tracking e�ciency in high-energy QCD jet events with 3:0 < pT <

3:5TeV, plotted as a function of the separation � R =
p

� � 2 + � � 2 from the nearest

neighboring particle. The Phase-2 tracker demonstrates better performance in dense

environments, maintaining higher e�ciency at small � R.

Figure 4.24: Resolution in pT as a function of
� for 10 GeV isolated muons. Phase-1 in black
and phase-2 in red [29].

Figure 4.25: Tracking e�ciency in cores of
jets with 3 < pT < 3:5 TeV as a function of
the distance between a simulated track and
its nearest neighboring, � R =

p
� � 2 + � � 2,

for the Phase-1 (black) and the Phase-2 (red)
tracker, without pile-up [29].

One of the most signi�cant advancements introduced by the upgraded Outer Tracker is

its integration into the Level-1 trigger system. Figure 4.26 highlights the critical impact of

its contribution in improving the selection of triggered particles.

On the left side of �gure 4.26, the e�ciency for selecting isolated muons with a transverse

momentum threshold of pT > 20 GeV is shown as a function of the generated muon pT.

The red markers indicate the performance of the traditional stand-alone L1 muon system

(L1Mu), while the black markers represent the upgraded con�guration (L1TrkMu), which

requires muons to leave hits in at least two muon stations and to be matched to L1

tracks from the tracker. The use of tracking information results in a signi�cantly sharper
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turn-on curve and higher e�ciency.

The right side of �gure 4.26 displays the corresponding L1 trigger rates as a function

of the pT threshold. Again, the red points refer to the stand-alone L1Mu con�guration,

while the black points show the rates for the L1TrkMu case. The inclusion of tracker

information drastically reduces the trigger rate�by up to an order of magnitude�while

maintaining high e�ciency. This demonstrates the substantial bene�t of the tracker's

contribution in the L1T system.

Figure 4.26: Left: E�ciencies for a single muon trigger with 20 GeV pT threshold as a function of
the generated transverse momentum of the muon, for stand-alone L1 muons (red symbols) and
for muons that are matched to L1 tracks (black symbols). Right: Rates of single muon triggers
as a function of the pT threshold. For triggers based on stand-alone L1 muons the quality cut
(Q � 4) that was used during Run-I is applied [27].

Finally, to enable a direct comparison with a physics measurement already published by

CMS, the di-muon invariant mass in the H ! � + � � decay channel has been simulated,

as shown in �gure 4.27. The upgraded Phase-2 detector achieves approximately 65%

better invariant mass resolution compared to the Phase-1 detector. This improvement

is primarily due to the reduced material budget and enhanced spatial resolution of the

upgraded tracker.

With this improved detector performance, the projected uncertainties on the Higgs cou-

pling to muons and cross section measurements are reduced by about 30% compared

to earlier projections based on the current detector layout [29, 39]. Given that the cited

study is now dated, these projections should be updated using the latest software frame-

works and analysis techniques to provide a more accurate estimate of the measurement

potential.
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Figure 4.27: The di-muon invariant mass distribution for H ! � � � + decays for muons in the
central region, simulated with the Phase-2 detector [29].

43



44



Experimental Setup

Before proceeding with the assembly of all PS modules required for the upgrade of the

CMS Outer Tracker, it is essential to validate their performance through dedicated test

campaigns. For this purpose, a series of test beam programs have been initiated by

CMS in preparation for the detector construction.

Test beam campaigns involve placing one or more detectors under test in a controlled

facility where they are traversed by particles with well-de�ned energy and direction. This

setup closely reproduces realistic operating conditions and allows for the precise study

of key performance metrics such as particle detection e�ciency and spatial resolution.

One such test beam took place at Fermilab in 2023, studying a single PS module (in the

1.6 mm spacing con�guration). The primary goal of this campaign, beyond con�rming

previous results, was to validate the operation of the device under test in its �nal version,

identical to the one that will be installed in CMS for the real data taking.

To study the e�ects of radiation damage, approximately half of the PS module under test

was previously irradiated with 400 MeV protons at the Fermilab Irratiation Test Area (ITA,

see section 5.3). This procedure targeted a �uence equivalent to that expected at the

end of the HL-LHC phase for a PS module: 1:4 � 1015 neq=cm2 [40] (expressed in terms

of 1 MeV neutron-equivalent per square centimeter, and hereafter referred to simply as

cm� 2 for brevity). This procedure enables a direct comparison of detector performance

before and after irradiation by simply taking data from the not-irradiated and irradiated

sides of the detector, simulating the beginning and end-of-life conditions of the module

inside the Outer Tracker.

The following sections of the thesis describes the experimental setup (sections 5.1 and 5.2),

the irradiation procedure (section 5.3), and the calibration of the module (section 5.4) em-

ployed before collecting the data used in the analysis, whose results are later presented

in the dedicated chapter.

5.1 Data acquisition system

The test beam took place at the Fermilab Test Beam Facility (FTBF) [41]. In the ex-

perimental setup, in addition to the PS module itself, a dedicated back-end system is

required to read out and store the data produced during the test. For this purpose, a data

acquisition system (DAQ) speci�cally designed for PS modules was employed, based
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on the CMS custom � TCA FC7 back-end board. This board communicates optically with

the VTRx+ transceiver on the module and connects via Ethernet to a control computer.

The FC7 features a Xilinx Kintex-7 FPGA and is equipped with two high-pin-count FPGA

Mezzanine Card (FMC) connectors to support various I/O con�gurations. In this test

beam campaign, one connector was used to manage the optical link between the PS

module and the FC7, while the other hosted a CERN-developed DIO5 board [42], re-

sponsible for interfacing with the trigger signals provided by the beam facility.

The FC7 operates using a custom �rmware controlled by the Phase-2 Acquisition and

Control Framework (Ph2_ACF), a C++-based software suite developed for CMS Phase-

2 module testing [43]. This framework allows �exible and �ne-grained control of the

module under test, including the con�guration of signal thresholds, power control, and

chip activation.

Data from the module are �rst processed by the FPGA, formatted into the �nal 64-bits

CMS SLINK data format, and temporarily stored in a First-In-First-Out (FIFO) bu�er

within the FPGA itself. Upon receipt of a valid trigger signal, the bu�ered data are written

to disk in binary format for subsequent analysis.

5.2 Fermilab Test Beam Facility

The test beam was conducted using the 120 GeV proton beam provided by the Fermilab

Test Beam Facility. Protons are delivered in spills of 4 seconds duration every minute,

with a selectable spill frequency ranging from 1 kHz to 300 kHz. During this campaign, a

beam rate of 12 kHz was used.

The detector under test (DUT), in this case a PS module, was placed at the center of the

facility's tracking telescope [44], composed of eight tracking stations arranged as shown

in �gure 5.28. The DUT was mounted on a motorized table equipped with a rotatable

support, allowing the emulation of di�erent transverse momentum particles, as no real

magnetic �eld was available.

Incoming protons encounter in the following order: three upstream strip tracking stations,

followed by the DUT, then two pixel stations, and �nally three downstream strip stations.

Each strip station comprises two orthogonally oriented silicon strip sensors designed for

the Run 2b upgrade of the D0 tracker [45], read out by FSSR2 front-end chips [46]. The

pixel stations each include two pixel sensors with a pitch of 25� m � 100� m, read out by

two RD53A chips [47].

The resulting track reconstruction resolution at the DUT position is approximately

7� m [44], while the telescope acceptance area is limited to approximately 0:92 cm2,

determined by the geometrical overlap of the pixel detectors.

To provide a global trigger, a scintillator was placed downstream of the telescope. Its

coincidence signal was fed into a custom trigger board developed at Fermilab, which in

turn distributed the trigger to both the tracking telescope and the FC7 readout board.

The PS module was maintained at � 20� C at all times inside a temperature-controlled
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Figure 5.28: Setup at FTBF. The PS module is inside the box labeled as DUT, located between
the upstream strip station and the pixel station of the telescope. The distances among the
di�erent components are indicated in the scheme.

cold box to prevent thermal runaway and minimize sensor annealing. The cold box

was constructed from Acrylonitrile Butadiene Styrene (ABS) plastic and purged with dry

nitrogen gas to suppress humidity. Temperature and humidity sensors were installed to

monitor the dew point and ensure dry, stable environmental conditions for the detector.

5.2.1 Telescope alignment and tracking

The primary objective of this test beam is to evaluate the performance of the PS module

under test using proton tracks reconstructed with the FTBF telescope and their projected

impact point onto the DUT surface.

Track reconstruction and telescope alignment are critical for the scope of the beam test,

and are carried out using a dedicated software package called Monicelli [48], which

implements an iterative alignment procedure to optimize the relative positioning of the

telescope planes.

Track reconstruction is based on a linear regression algorithm implemented within

Monicelli, applied to a preselected set of hit coordinates identi�ed by a pattern recognition

routine. This routine searches for clusters of hits lying within � 200� m of a straight line

connecting hits on the �rst and last planes of the telescope. For clusters involving

adjacent pixels or strips, hit positions are calculated using the charge-weighted average

of the measured signals.

During the reconstruction process, Monicelli reads all binary data �les produced by

both the telescope and the DUT, along with an XML geometry �le describing the spatial
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arrangement of all detectors in a common reference frame. The software outputs a

ROOT TTree [49] containing both the reconstructed telescope tracks and the raw DUT

data, including any associated clusters for each selected event.

To ensure high-quality track reconstruction, the following selection criteria were applied:

ˆ Each track must miss at most one hit from the telescope planes.

ˆ No more than two clusters are allowed per telescope plane.

ˆ Only one reconstructed track is permitted per event.

ˆ The normalized chi-squared of the track �t must satisfy � 2=ndof < 5.

Using the selected tracks, the particle detection e�ciency of the DUT is de�ned as:

number of hits on detector matched to the pointing track within a window � 200 � m
number of tracks pointing to the detector

:

(5.21)

Finally events in which the projected impact point lies within a masked region or outside

the active area of the DUT are excluded from the data analysis.

5.3 Irradiation procedure

The MaPSA and PS-s assembly was irradiated at the Fermilab Irradiation Test Area in

March 2023. The target �uence was equivalent to that expected at the end of the HL-LHC

phase for a PS module: 1:4 � 1015 cm� 2 [40], and it was achieved through controlled

exposure to a 400 MeV proton beam extracted from the Fermilab linear accelerator

(LINAC).

During the irradiation procedure, the beam delivered approximately 5 � 1012 protons per

pulse, with eight pulses emitted per minute. Each pulse had a duration of 32 � s. The

beam pro�le can be described by a two-dimensional Gaussian distribution with standard

deviations � x = � y � 0:7cm. Importantly, only a portion of the sensor assembly was

irradiated, leaving the rest una�ected. This choice enables direct comparison between

irradiated and not-irradiated regions during subsequent data taking and analysis.

The irradiation was targeted at the region of the Readout Hybrid, located opposite the

DC-DC converter in the Power Hybrid, where increased SSA noise was expected [50]. It

should be noted that the transition between irradiated and not-irradiated zones is gradual,

with no sharply de�ned boundary. For simplicity�and as illustrated in �gure 5.29�the

irradiated side is de�ned as four readout chips on the right (highlighted in red), while

the not-irradiated side corresponds to the four farthest chips from the irradiation region

(highlighted in green).

To uniformly irradiate the desired region, the MaPSA and PS-s assembly was mounted on

a motorized motion table. The table was sequentially moved to eight di�erent positions

during the procedure, with each position held for 200 minutes. As a result, the total

�uence distribution can be modeled as the sum of eight Gaussian functions, each with a
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Figure 5.29: MaPSA (left) and PS-s (right) assembly scheme. Not-irradiated areas are marked
in green, while fully irradiated areas in red.

known center and normalization.

To quantify the a posteriori �uence received by the assembly, 14 aluminum targets

(each with a radius of 3 mm) were placed above it. These targets, while not signi�cantly

a�ecting the radiation received by the sensor, can provide subsequent information on

the delivered �uence. Their positions were measured with a spatial precision of 1 mm.

By analyzing the induced 22Na activity in each target, the proton �uence at each location

could be reconstructed (procedure performed by the ITA facility), enabling the creation

of a detailed �uence map for the irradiation procedure.

5.3.1 Irradiation reconstruction

Unfortunately, the measurements obtained from the aluminum targets on the irradiated

side revealed a non-uniform �uence distribution. As shown in �gure 5.30, the eight

�uence values measured on the right-hand side of the assembly (ordered from bottom

to top) exhibit an alternating high�low�high�low pattern, instead of being all close to the

target �uence of 1:4 � 1015 cm� 2.

Figure 5.30: Measured �uence values from the aluminum targets. The relative uncertainties,
not explicitly shown, are approximately 8% for each measurement. Values highlighted in red
indicate the subset of targets used in the irradiation �t to construct a detailed �uence map.

To better understand the spatial distribution of the �uence and reconstruct a detailed

irradiation map over the sensor surface, a �t-based approach was employed. Given a

total �uence pro�le, the expected measurement for each aluminum target corresponds
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to the integral of the �uence over the target's surface. A �t was therefore performed by

modeling the overall irradiation pro�le as the sum of eight two-dimensional Gaussian

functions, each representing one of the beam positions. The �t parameters were opti-

mized to reproduce the �uence measurements reported by the Irradiation Test Area.

Figure 5.31: Parametrization of the eight Gaussian beam spots, shown in orange, with a total
of 7 paramters. The constraints are based on motion table data recorded during the irradiation
procedure by the ITA.

A schematic of the beam spots parametrization and its constraints are shown in �g-

ure 5.31. The beam positions were constrained using the motion table data, reducing the

number of free parameters to seven for the eight beam spots. An additional parameter,

� = � x = � y, describes the beam width, which is assumed to be symmetric in both

transverse directions.

Only the 10 aluminum targets closest to the region of interest were included in the

�t, shown in red in �gure 5.30. This decision was motivated by the limitations of the

Gaussian beam model: while it adequately suites the beam shape in regions of high

�uence, it fails to describe the low-intensity tails and beam halo observed farther from

the beam center. The halo pro�le at the facility is not well characterized and may vary

over time, making peripheral target measurements unreliable for detailed modeling with

such model.

The �t results are presented in �gures 5.32, and the corresponding parameter values are

listed in table 5.2. The �t shows excellent agreement with the measured �uences, and

the �tted beam � = 0:67� 0:05cm is consistent with independent observations made at

the ITA facility during the same period.

� 2=NDOF 0:080

x0 = 7:45� 0:03 x1 = 9:57� 0:06 dy = 1:98� 0:05 y0 = 2:84� 0:09
y1 = 2:99� 0:09 y2 = � 0:4 � 0:1 y3 = � 0:1 � 0:2 � = 0:67� 0:05

Table 5.2: Fit results with parameter uncertainties, values in centimeters.

Given the importance of accurately determining the �uence received by the module,
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Figure 5.32: Irradiation �t results, �tted proton �uence distribution and simulated Al measurements
on top, comparison between simulated measurements and ITA measurements below. Fitting
parameters and their uncertainties are reported in table 5.2.

the comparison between the simulated and measured aluminum target values was not

considered su�cient to fully validate the irradiation �t. As an additional cross-check, a

stability test was performed to further con�rm the robustness of the �uence model.

This test evaluates how the detector's particle detection e�ciency depends on the as-

sumed �uence distribution. Using the �uence map derived from the �tted Gaussian

parameters (as listed in table 5.2), the data used to compute the e�ciency can be

selected based on the estimated local �uence. The core idea of the test is to vary the

assumed Gaussian � used in the �uence map generation and then repeat the e�ciency

calculation for events falling within the �uence range (1:4 � 0:1) � 1015 cm� 2. This allows

us to assess the sensitivity of the e�ciency measurement to variations in the �uence

pro�le.

The resulting e�ciency values, as a function of the varied � , are shown in �gure 5.33 for

both the PS-p and PS-s sensors.

Although some imperfections are present due to the limited precision of the measure-

ments, the two trends observed in �gure 5.33 are consistent with expectations. As the
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Figure 5.33: Particle detection e�ciency as a function of the irradiation Gaussian beam � for
both pixel and strip sensors. Each data point is computed using only events from regions of
the sensor that received a �uence in the range (1:4 � 0:1) � 1015 cm� 2. For each value of � ,
the �uence distribution is reconstructed by modifying only the beam width, while all other �t
parameters remain �xed.

value of � increases, the �uence map becomes broader, and the region selected within

the �xed �uence window shifts outward from the beam center. This corresponds to

areas that received lower actual irradiance, resulting in a higher measured e�ciency.

Conversely, decreasing � concentrates the �uence distribution toward the center of the

beam, leading to a selection of regions that experienced higher irradiance, which in turn

results in lower e�ciency due to radiation-induced degradation.

This behavior con�rms the physical plausibility of the reconstructed �uence distribution

and is considered a �nal validation of the �uence map obtained from the Gaussian �t.

In conclusion this analysis provided a reliable �uence map that can be used in sub-

sequent stages of the study to select data based on the local �uence received by the

sensor. In particular, it enables not only a simple binary classi�cation between irradiated

and not-irradiated regions but also the investigation of intermediate �uence regimes

across the sensors surface.

From this point onward, a speci�c convention will be adopted throughout the analysis

and calibration sections of this thesis. When referring to the irradiated side without spec-

ifying a numerical �uence value, this denotes the region highlighted in red in �gure 5.29.

Conversely, the not-irradiated side refers to the region marked in green in the same

�gure, representing the area farthest from the irradiation center.

In cases where a speci�c �uence is mentioned (e.g., (1:4 � 0:1) � 1015 cm� 2), the data

have been selected from areas of the sensors within that irradiation range, based on the

detailed �uence map from the �t, also shown in �gure 5.32.
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5.4 Calibrations

Before collecting the actual runs of data aimed at measuring key detector metrics�such

as e�ciency, noise, and spatial resolution�a series of preliminary procedures and

calibration runs are required. These intermediate steps are essential for the �ne-tuning

of various operational parameters and for gaining a complete understanding of the

detector response under controlled conditions.

The goal of these calibrations is to ensure that subsequent data collection is performed

under optimal conditions, an essential requirement for the module's future deployment

in the CMS experiment.

The following sections present the various calibration procedures individually, detailing

their purpose, methodology, and results.

5.4.1 SSA and MPA pedestal and noise estimation

As previously mentioned in section 4.3, the front-end chips detect hits based on a

programmable threshold applied to the signal amplitude generated by incoming ionizing

particles. This signal threshold is controlled globally for all channels of a chip by an 8-bit

Digital-to-Analog Converter (DAC) and is shared across all front-end channels on that

chip.

It is important to note that any real signal produced by a particle is superimposed

on a baseline level, referred to as the pedestal. This pedestal arises primarily from

the leakage current of the sensor and varies from channel to channel due to inherent

manufacturing di�erences. As a result, setting a single chip-wide threshold can introduce

inconsistencies: for example, a channel with a high pedestal may incorrectly register a hit

from a small signal that exceeds the global threshold, while a channel with a low pedestal

might fail to register a comparable signal. This channel-to-channel inhomogeneity must

be corrected prior to any meaningful data acquisition.

To address this, a threshold equalization procedure is performed. In the MPA and SSA

chips, this can be achieved through the adjustment of a local trimming voltage, controlled

by a 5-bit DAC for each individual channel. This voltage shifts the e�ective threshold

to compensate for variations in pedestal o�set, enabling uniform hit detection behavior

across the chip.

The equalization procedure consists of two main steps and is carried out using signal

injection. First, a target threshold (Vth, in DAC units) is established, corresponding to the

signal amplitude that produces a hit occupancy of approximately 50%. In this context,

the pedestal is de�ned relative to the amplitude of the injected signal, not the baseline

itself. In the second step, the trimming voltage is individually tuned for each front-end

channel so that, for the given injected charge, the hit occupancy is brought as close as

possible to the 50% target. This ensures that the e�ective threshold across all channels

is consistent.

After the threshold equalization is completed, an S-curve measurement is performed to
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evaluate the noise performance. This involves scanning the threshold across a range of

values while injecting a test pulse and recording the hit occupancy. At high threshold

values, the signal is undetected and the occupancy is zero. As the threshold approaches

the signal amplitude, the occupancy increases, eventually saturating at 100%.

For context, two representative S-curves are shown in �gure 5.34, one corresponding

to a pixel channel and the other to a strip channel. In an ideal environment without

noise, these curves would resemble perfect step functions, since the injected charge is

constant and its variation is negligible compared to the expected noise. However, due to

electronic noise, the transition between low and high occupancy is more gradual, and

this slope is a direct measure of the noise present in the system.

The width of the transition region in the S-curve is therefore indicative of the amplitude

of electronic �uctuations a�ecting the signal.
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Figure 5.34: S-curve measurement for a single pixel (left) and a single strip (right).

Assuming Gaussian noise, the noise for each channel is extracted by numerically

di�erentiating the S-curve. The threshold corresponding to 50% occupancy de�nes the

e�ective pedestal after equalization. The resulting distributions of the pedestals values

and the extracted noise levels for all channels of the module are shown in �gures 5.35

and 5.36, respectively.

Details of the implementation of these procedures are not discussed further here, as

they are handled internally by Ph2_ACF, the dedicated software developed to test all

modules of the CMS Outer Tracker upgrade.

To interpret the results of the S-curve measurement in physical terms, it is useful to

convert the threshold values from DAC units into the corresponding signal amplitude in

electrons. The relationship between Vth and the equivalent input charge is linear, with

an o�set that must be subtracted to account for the pedestal.

This conversion factor has been determined in prior module testing, performed after

assembly and before the test beam campaign. The calibration yields the following

relations:
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Figure 5.35: S-curve mean distribution: on the left (right) MPA (SSA) in both not-irradiated (blue)
and irradiated (red) sides.
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Figure 5.36: Noise distribution: on the left (right) MPA (SSA) in both not-irradiated (blue) and
irradiated (red) sides.

MPA: Q = Vth � 106e� � 9615e� SSA: Q = Vth � 224e� � 1746e� (5.22)

It is important to emphasize that the quantities presented thus far do not constitute the

�nal threshold calibration. The trimming procedure described above is the core step

of the threshold equalization process. Upon its completion, any threshold value set at

the chip level will correspond to a uniform e�ective threshold (in electrons) across all

channels, thus removing channel-to-channel inhomogeneities.

However, the absolute value of the global threshold to be used during actual data taking

remains to be determined. The following subsections describe the additional calibrations

required to �nalize this setting, including threshold and bias voltage optimization.

It should be noted that all plots presented in this thesis prior to the threshold optimization

subsection were obtained using an unoptimized global threshold. Conversely, plots

shown after this calibration step adopt the optimized threshold value as speci�ed in the

corresponding section 5.4.3. The same convention applies to the results before and
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after the bias voltage optimization in section 5.4.4.

5.4.2 Latency optimization

To ensure proper synchronization between the triggers provided by the scintillator and the

corresponding hits recorded by the detector, it is necessary to calibrate the time delay�

referred to as latency�between the particle's arrival and the reception of the associated

trigger signal. This calibration process utilizes both the 40 MHz clock governing the

module and a high-resolution Time-to-Digital Converter (TDC) implemented in the FPGA

of the data acquisition system.

The TDC functions as a 3-bit counter (ranging from 0 to 7) operating at 320 MHz,

e�ectively subdividing each 25 ns cycle of the 40 MHz clock into eight intervals, each

3.125 ns wide. These subdivisions are referred to as TDC bins.

Two types of latency require calibration:

ˆ Trigger (L1A) latency: This corresponds to the delay between the time a particle

is detected, denoted as t0, and the time the corresponding trigger signal is received

by the readout chip, denoted as t1. The quantity Ldata = t1 � t0, expressed in clock

cycles, must be set correctly in the front-end ASICs to ensure proper association

of triggers (L1 Accept signals) and the corresponding data hits.

ˆ Stub latency: Once a particle is detected and a stub is formed, the stub is

transmitted to the back-end and stored in the RAM of the FPGA. In this case, t0

is de�ned as the time the stub data is written to the FPGA, and t1 is the time the

associated trigger is received by the FPGA. The stub latency, L stub = t1 � t0, must

be accurately determined so the FPGA can correctly correlate each stub with its

respective trigger.

Figure 5.37 illustrates the timing diagram that highlights the interaction between the

40 MHz system clock, the TDC subdivisions, and the relevant latency intervals.

Figure 5.37: Scheme showing the temporal correlation between the clocks and the TDC used
for the latency calculation, as described in the text.

The latencies are measured in units of 40 MHz clock cycles. While Ldata is con�gured

through an on-chip register, L stub is adjusted using a register in the back-end FPGA.

Both latency values are speci�c to the trigger system employed during the test beam

and must be calibrated prior to acquiring any meaningful data.

At the Fermilab Test Beam Facility, protons are spaced by multiple clock cycles, meaning

that only a speci�c latency value will correctly match the arrival of the particle with the

corresponding trigger. If the latency is set incorrectly, the system will attempt to associate
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the trigger with a clock cycle in which no particle traversed the detector, leading to a

detection e�ciency close to zero (i.e. a trigger is received, but no hit is recorded).

To determine the correct latency setting, 2400 triggers were used for each latency

con�guration. The resulting e�ciency curve as a function of Ldata is shown in �gure 5.38.
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Figure 5.38: Particle detection e�ciency for each sensor at di�erent values of the data latency,
measured in units of 40 MHz clock cycles.

Once the correct 40 MHz latency is identi�ed, the exact same procedure has been

performed to tune L stub.

At this point only two additional parameters must be con�gured to ensure proper timing

alignment in this test beam: the coarse delay inside the chips and the TDC (Time-to-

Digital Converter). The coarse delay is a �xed parameter embedded in the chip logic

and cannot be altered after data collection. It introduces a 3.125 ns shift in the internal

chip clock relative to the global 40 MHz clock, e�ectively determining the phase at which

the signal is sampled with respect to the trigger.

In contrast, the TDC is employed in this setup due to the lack of synchronization between

the proton beam and the module clock. It divides each 25 ns clock cycle into eight

intervals of 3.125 ns each. This segmentation enables the system to determine more

precisely the time at which a signal was registered within the 40 MHz window.

While both the coarse delay and the TDC serve a similar purpose in re�ning the temporal

alignment between signal and trigger, their usage di�ers: the coarse delay is set during

con�guration, while the TDC selection can be made o�ine after data acquisition, since

data from all TDC bins is recorded.

To determine the optimal TDC setting, the coarse delay was �xed at 3, and the TDC

value was scanned to �nd the setting that maximized the particle detection e�ciency.

The results are shown in �gure 5.39.

The �gure indicates that TDC bins 0, 1, 6, and 7 all yield high detection e�ciencies.

However, based on internal considerations related to the acquisition system, TDC 6 was

chosen as the optimal con�guration. All subsequent analyses presented in this thesis

are therefore performed using data corresponding to TDC bin 6.
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Figure 5.39: Distribution of hit e�ciency as function of TDC phase.

5.4.3 Noise occupancy study and threshold optimization

The optimal threshold value is determined by balancing two competing factors: maximiz-

ing the particle detection e�ciency while keeping the noise occupancy at an acceptable

level. In the context of this test beam, noise occupancy is de�ned, given a single trigger,

as the probability for a channel to record a hit without a real particle interaction.

Using the particle detection e�ciency as key metric, a threshold scan was performed

across a broad range of values. For this scan, the bias voltage applied to the sensors

was chosen based on the recommendations of the CMS Tracker Technical Design

Report [29] (the bias optimization for this test beam is discussed in section 5.4.4).

Figure 5.40 presents the particle detection e�ciency for both pixel and strip sensors as

a function of the applied threshold.
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Figure 5.40: Particle detection e�ciency as a function of Vth, on the left (right) for the not-
irradiated (irradiated) side. Pixels and strips are shown in blue and red, respectively.

The plots in �gure 5.40 exhibit the expected behavior: at low thresholds, the e�ciency

approaches a plateau near 100%, while at high thresholds, it drops to lower values.

A noticeable di�erence can be observed between the two plots due to the e�ects of

radiation damage, which degrades the e�ciency in the right curves. Notably, for the

pixel sensor in the not-irradiated side, the high-e�ciency plateau stabilizes below the
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strip sensor at approximately 98.5%, rather than closer to 100%. This behavior, though

uncommon for undamaged silicon detectors, is a known characteristic of this speci�c

sensor design and is further discussed in section 6.2.1.

As previously mentioned, particle detection e�ciency alone is not su�cient to determine

the optimal threshold. Within the region where e�ciency is high, the noise occupancy

must also be considered. The goal is to �nd an acceptable trade-o� between suppressing

spurious noise hits and preserving real signal detection.

Noise occupancy measurements are performed arti�cially sending triggers to the module

when no particles are traversing it. In this way only so called dark counts are collected.

The resulting noise occupancy has been de�ned as:

noise occupancy =
number of dark counts

number of triggers � number of channels
(5.23)

Noise occupancy measurements were performed in two environments: during the test

beam in the cold box setup described in section 5.2, and afterward in a Fermilab burn-in

box. The burn-in box is a thermally controlled enclosure used for long-term reliability

testing of CMS Outer Tracker modules. It is insulated and cooled via a chiller system,

with integrated temperature and humidity monitoring to ensure environmental stability.

Figure 5.41 and 5.42 show the region of high particle detection e�ciency together with

the measured noise occupancy for the pixel and strip sensors respectively.
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Figure 5.41: Particle detection e�ciency (red) and noise occupancy as function of Vth for the pixel
detector. On the left (right) for the not-irradiated (irradiate) sides. In blue is the noise measured
during the testbeam while in purple is the noise measured in the burn-in box.

In the not-irradiated case, the noise occupancy is high at low threshold and decreases

as the threshold increases. For the pixel sensors, noise occupancy is observed to be

higher after irradiation, which is consistent with expectations due to radiation-induced

damage in the silicon substrate.

In contrast, the strip sensors on the not-irradiated side exhibit more noise at low thresh-

olds than those on the irradiated side, despite the latter having undergone radiation

damage. This behavior has been previously documented [50] and is attributed to the

presence of a DC-DC converter located on the same side of the module. The converter
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Figure 5.42: Particle detection e�ciency (red) and noise occupancy as function of Vth for the strip
detector. On the left (right) for the not-irradiated (irradiate) sides. In blue is the noise measured
during the testbeam while in purple is the noise measured in a controlled burn-in setup.

is known to inject electronic noise into adjacent strip channels, degrading their perfor-

mance.

Considering all the discussed factors, the threshold values for data acquisition were set

as follows: for the MPAs 2600 electrons in both the not-irradiated and irradiated cases,

for the SSAs 4900 electrons and 3800 electrons in the not-irradiated and irradiated

case respectively. It is worth noting that based on the noise occupancy measurements

obtained from the burn-in box after the test beam, a lower threshold could have been

safely applied for the irradiated strip case. However, not all the �ndings presented in

this thesis were available at the time of data collection, which resulted in a suboptimal

threshold con�guration. This limitation should be kept in mind when evaluating the plots

shown in the subsequent sections. These insights will be valuable for improving future

test beam campaigns.

5.4.4 Bias optimization

One of the key parameters to be optimized for stable and e�cient data taking is the

bias voltage applied to the sensors. If the bias voltage is set too low, charge collection

becomes ine�cient, resulting in missed events. Conversely, if it is too high, the sensor

may su�er from excessive leakage current or risk electrical breakdown, potentially

causing permanent damage. It is therefore crucial to determine the optimal operating

point.

Figure 5.43 shows the particle detection e�ciency as a function of the applied bias

voltage, with separate plots for not-irradiated and irradiated regions, and for pixel and

strip sensors.

As shown in �gure 5.43 (left), the e�ciency on the not-irradiated side remains high and

stable across all tested voltages. According to the sensor speci�cations provided in the

TDR [29], a minimum operational voltage of 300 V is foreseen for not-irradiated sensors,

with 400 V recommended for nominal conditions. Therefore, a bias of 400 V was applied
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Figure 5.43: Particle detection e�ciency as function of the applied bias voltage, on the left (right)
for the not-irradiated (irradiated) side. Pixels and strips are shown in blue and red, respectively.

during data collection on the not-irradiated area.

In contrast, the e�ciency on the irradiated side�especially for the strip sensors�exhibits

a clear dependence on the applied bias. The plot in �gure 5.43 (right) indicates continued

improvement in e�ciency up to the maximum tested value. Consequently, a bias voltage

of 800 V was applied during data taking. Despite the observed suboptimal e�ciency,

it was not possible to increase the voltage further, as both the power supplies and the

CMS Outer Tracker modules are rated for a maximum operating voltage of 800 V [29].

The optimization discussed in this section concludes the set of calibrations and optimiza-

tions required to acquire data with the PS module during the test beam. To summarize

the con�guration used, the parameter settings applied in all subsequent plots�unless

explicitly stated otherwise�are listed in table 5.3.

Data set Bias Voltage (V)
Threshold (electrons)
Pixels Strips

Not-irradiated 400 2600 4900
Irradiated 800 2600 3800

Table 5.3: Summary of the data taking conditions.

5.4.5 Calibration of the beam incidence angle

The �nal step in the alignment procedure involves calibrating the rotation angle be-

tween the motion table and the actual rotation of the detector on it. By rotating the

detector, it is possible to emulate the displacement between the strip and pixel hits,

� X = X strip hit � X pixel hit, caused by particles with di�erent transverse momenta. The

table rotates around the vertical axis while keeping the module centered on the beam.

Its angle can be adjusted in steps of 0.5� using a rotation stage.

However, due to the presence of various cables and cooling pipes�visible in �g-

ure 5.28�it is not guaranteed that the rotation angle set on the rotating table precisely
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corresponds to the actual angle between the beam and the module surface.

To determine the e�ective incidence angle, the observed stub displacement � X (ex-

pressed in channel units) is used for calibration. From the geometry illustrated in

�gure 4.19, the following relation holds:

� X = � X 0 + �
d
p

tan(� + � 0) (5.24)

where � X 0 is the displacement between the two sensors at angle 0� from the assembly

of the module, � is a parameter added to take into account eventual corrections needed

due to the silicon thickness, d = 1.6 mm is the distance center to center of the two silicon

sensors, p is the channel pitch of 100 � m, � 0 is the rotation misalignment that has to be

found.

Using equation 5.24, � 0 is extracted by �tting the measured � X values as a function of

� . The resulting �ts are shown in �gure 5.44, with separate �ts for the not-irradiated and

irradiated datasets.
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Figure 5.44: Mean stub displacement measured for di�erent angles of the PS module for the
not-irradiated (left) and the irradiated (right) datasets.

Two important considerations arise from these results. First, separate calibrations are

required for the irradiated and not-irradiated datasets, as the module was manually

repositioned to target the beam on one side of the detector or the other. Second, the

measured stub displacement is in�uenced not only by the incidence angle but also by

the size of the hit clusters. On the not-irradiated side, the charge deposited by traversing

particles is well above the detection threshold, leading to reliable and consistent stub

reconstruction. On the irradiated side, however, radiation-induced damage reduces

the charge collection, increasing �uctuations in cluster formation and resulting in the

less smooth trend observed in �gure 5.44(right). Overall the resulting corrections are:

� 0 = ( � 0:784� 0:005)� for the not-irradiated side, and � 0 = (0 :299� 0:004)� for the

irradiated side. From this point onward, all plots involving incident angles will include

this correction by default. For all other plots, unless otherwise speci�ed, the nominal

rotation angle is assumed to be 0� .
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Data analysis

In this chapter, all the studies performed on the module to evaluate its performance

under various operating conditions are presented. Of particular interest are three key

aspects.

First, the particle detection e�ciency , which quanti�es the module's ability to register

a signal when a particle traverses it. This performance metric is essential for ensuring

reliable hit registration and is discussed in detail in section 6.2.

Second, the position resolution , which refers to the accuracy with which the module

can reconstruct the spatial coordinates of the incoming particles. Since the module is a

fundamental component of a tracking detector, achieving high spatial resolution across

a wide range of conditions is crucial. This aspect is addressed in section 6.3.

Finally, the chapter examines the feature that motivated the development of this module:

its ability to select particles based on their transverse momentum . The performance

of the module in producing stubs correlated with pT is analyzed in section 6.3.3.

6.1 Charge collection

In the previous sections, particular emphasis was placed on the choice of thresholds

used during data acquisition. While this parameter is typically optimized by balancing

detection e�ciency and noise occupancy, it is ultimately governed by a more fundamental

quantity: the amount of charge released by incident particles in the silicon. This quantity

therefore warrants a dedicated study. It is important to clarify that this analysis was not

part of the initial beam test plan and was only considered retrospectively. Consequently,

data suitable for this study are available only for the strip sensor. Since the silicon used

in both pixel and strip sensors is nearly identical the results could be useful also for the

pixel case.

The charge released was studied using threshold scans. Both the signal amplitude and

the threshold are quanti�ed in units of electrons. When a particle traverses the detector

and releases ionization charge, it is detected if the collected signal exceeds the applied

threshold. Therefore, for each threshold setting, a certain particle detection e�ciency is

observed. This mechanism e�ectively corresponds to integrating the charge distribu-

tion�described in section 3.1 as a Landau-Vavilov distribution�from the threshold value

to + 1 . At very low thresholds, nearly all particles are detected, yielding an e�ciency of
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1; at very high thresholds, detection becomes unlikely, and the e�ciency approaches 0.

In practice, the integral is computed up to a su�ciently high truncation point, since

the Landau-Vavilov distribution has a long tail and its integral formally diverges. The

truncation chosen is 6� 104 electrons, well beyond the range of physically relevant signal

amplitudes to ensure numerical stability without a�ecting the result.

To isolate the e�ects of the charge distribution and minimize those of charge sharing,

events were selected with the following requirements: the event has a hit on a single

channel, the incident track intersects the channel far from channel edges (at least 3 � � tel

away, based on the telescope resolution). This ensures that ine�ciencies due to thresh-

old e�ects can be studied independently from those caused by inter-channel charge

sharing.

In practice, the measured e�ciency must also account for the electronic noise of the

readout chips. Therefore, the Landau-Vavilov distribution must be convolved with a

Gaussian function representing the electronics' response. The resulting �t function

used for the threshold scan is thus a convolution of a Landau-Vavilov and a Gaussian

distribution:

F (x; L; W; �; N ) = N �
Z + 1

x

� Z 1

�1
p(u; L; W ) � G(x � u; � ) du

�
dx (6.25)

Where:

ˆ N is a normalization parameter since in a real case the maximum e�ciency will be

very close, but not exactly 1.

ˆ The Landau-Vavilov distribution, named p, is parameterized following the con-

vention in [51, 52], using two parameters: a location parameter L and a width

parameter W.

ˆ The Gaussian function is a standard normal distribution with � = 0.

It is important to note that, with this parameterization, the most probable value of the

Landau distribution does not coincide with the location parameter L; however, they are

related, and the MPV can be computed as detailed in the cited references.

The �t results for the not-irradiated and irradiated regions are shown in �gure 6.45.

First, it is important to note that the �t in the not-irradiated case yields a better result, char-

acterized by a lower � 2. This suggests that the employed model adequately describes

the charge deposition in the not-irradiated sensor, but may no longer be su�cient after

radiation damage, where a more sophisticated or modi�ed model might be required.

Nonetheless, the extracted parameters appear consistent with values reported in the

literature [53]. In particular, the most probable value (MPV) of the Landau distribution

is MPV = 23200� 100electrons for the not-irradiated case, and MPV = 12730� 80

electrons for the irradiated one.

The MPV for the irradiated case is in agreement with the results presented in [40],
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Figure 6.45: E�ciency versus threshold on the left �tted using the integral of a Landau-Vavilov
distribution convolved with a Gaussian (equation 6.25). On the right, the corresponding charge
distribution�Landau-Vavilov convolved with a Gaussian�is displayed, with the most probable
value of the Landau indicated. The top row presents results from the not-irradiated region, while
the bottom row shows data from the irradiated side. Only strip sensor data is used due to limited
statistics in the pixel channels.

supporting the validity of the measurement despite the degraded �t quality.

Following this analysis, and considering the extracted charge distributions, it is possible

to further con�rm the appropriateness of the thresholds used during data collection (see

table 5.3). In particular, although a slightly lower threshold could have been used for

the irradiated strips, the distribution shown in �gure 6.45 (bottom-right) indicates that

the majority of events lie well above the set threshold, justifying the chosen value and

ensuring su�cient particle detection.

6.2 Particle Detection E�ciency

The particle detection e�ciency of the module is one of the primary metrics used to

evaluate its performance. This quantity depends on several factors and must remain

robust under varying conditions, as the tracker is traversed by di�erent types of particles

with a wide range of energies, incident angles, and impact positions. In the following

sections, the studies conducted during the beam test are presented, focusing on the
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module's e�ciency under diverse speci�c conditions.

6.2.1 Pixel cell e�ciency

The pixel sensor, even on the not-irradiated side, shows a maximum particle detection

e�ciency of only 98.5%, whereas silicon sensors typically achieve e�ciencies close to

100% under optimal conditions. For example, the strip sensor in this study demonstrates

an e�ciency of 99.6%. This seemingly unusual behavior of the pixel sensor is due to

its speci�c design and has already been observed in previous studies [ 54, 55]. In the

current pixel design, the punch-through structures and grounding rails, both described

in section 4.3.1, are both connected to ground but not to the readout electronics. As a

consequence, any charge collected by these structures is not registered, resulting in

localized ine�ciencies within speci�c regions of the sensor.

By mapping the detection e�ciency in two dimensions at the intersection of four adjacent

pixels, these ine�ciencies become visible, as shown in �gure 6.46. The plots clearly

show regions of reduced e�ciency near the punch-through and grounding structures.
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Figure 6.46: Close up of the 2D e�ciency map near two punch throughs and a grounding
rail, on the left (right) for not-irradiated (irradiated) pixel cells. The distributions are obtained
superimposing data from multiple pixel cells.

For completeness, it should be noted that the dataset collected during this test beam

was not large enough to produce these maps using only a single group of four adjacent

pixels. Therefore, the plots shown in Figure 6.46 were generated by aggregating data

from all events, regardless of the speci�c pixel channel involved.
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6.2.2 E�ciency dependency on relative position with respect to

the center between adjacent channels

The particle detection e�ciency can also be studied as a function of the impact point

distance from the edge between two adjacent pixels or strips. When a charged particle

passes through the detector, the ionization it produces may result in charge sharing

between neighboring readout channels. In such cases, the total deposited charge is

split between the adjacent channels, potentially reducing the signal amplitude in each to

below the detection threshold. This e�ect can lead to ine�ciencies, particularly near

channels boundaries, and must therefore be carefully investigated. Given the distinct

characteristics of the two sensors, it is important to examine them separately.

For the pixel sensor, two sets of e�ciency plots were made: one using all reconstructed

tracks, and another excluding those pointing to the regions near the punch-through

structures and grounding rails. The resulting e�ciencies are shown in �gure 6.47.
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Figure 6.47: Particle detection e�ciency as a function of the track location with respect to the
inter-pixel center. The e�ciency considering the whole pixel cell and excluding punch-through and
grounding rail areas is shown in blue and red, respectively. The left (right) plot is for not-irradiated
(irradiated) pixels.

When the punch-through structures and grounding rails are excluded from the analysis,

the detection e�ciency remains uniform across the entire pixel short pitch. In contrast,

when these components are included, a general reduction in e�ciency is observed

across all positions, primarily due to the in�uence of the grounding rails. In particular, a

notable decrease in e�ciency is observed at positions x � � 50� m and x � +50 � m, cor-

responding to the locations of the punch-throughs. This e�ect is especially pronounced

on the irradiated side of the sensor.

Importantly, the red curves in the plots�which exclude the grounded regions�demonstrate

that, under the threshold settings used in this test beam, charge sharing between adja-

cent pixels does not degrade the particle detection e�ciency. No dip is observed near

x � 0 � m, indicating that shared charge between neighboring pixels is still su�cient to

surpass the detection threshold in at least one of the two channels.

The situation di�ers for the strip sensor, which, unlike the pixel sensor, does not contain
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grounded structures such as punch-throughs or grounding rails. The e�ciency distri-

bution for the not-irradiated side is shown in �gure 6.48. As expected, the e�ciency

remains constant across the strip pitch, with no signi�cant dependence on the distance

from the inter-strip boundary.
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Figure 6.48: Particle detection e�ciency as a function of the track location with respect to the
center between adjacent strips columns on the not-irradiated side.

On the irradiated side, however, it is important to recall that, as previously discussed,

the sensor was operated with a threshold higher than the optimal value. This suboptimal

con�guration leads to a noticeable reduction in detection e�ciency at the boundaries

between adjacent strips. The plots in �gure 6.49 further con�rm this behavior.
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Figure 6.49: Particle detection e�ciency as a function of the track location with respect to
the center between adjacent strips on the irradiated side. On the left, e�ciency for di�erent
thresholds, and on the right, e�ciency for di�erent angles at a threshold of 3800 e � .

Figure 6.49 (left) shows how the detection e�ciency varies with di�erent threshold

settings. The plot includes data from the threshold used throughout most of the analysis

(3800 e� ), shown in blue, and from a lower threshold setting (2700 e� ), shown in red.

The latter was not used for full data acquisition due to the high rate of noise counts

observed under those conditions.

While a reduction in threshold does lead to increased overall e�ciency, a localized
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ine�ciency remains near the boundaries between adjacent strips. This behavior indicates

that, even with more permissive thresholds, radiation-induced damage limits charge

collection when the deposited charge is shared between neighboring strips.

Additionally, �gure 6.49 (right) illustrates the e�ect of varying the incidence angle of

the beam. As the angle increases, the e�ective path length of protons through the

silicon also increases, leading to a greater number of electron-hole pairs being produced.

The larger charge deposition results in stronger signals and, consequently, improved

detection e�ciency across the sensor.

6.2.3 Particle detection e�ciency as a function of incidence angle

The particle detection e�ciency as a function of the beam incidence angle is a critical

quantity to investigate, as in the CMS detector it is directly correlated with the transverse

momentum of the detected particles. As previously discussed in section 5.2, rotating

the detector emulates particles with varying pT values. Figure 6.50 shows the detection

e�ciency as a function of the incidence angle for both pixel and strip sensors, in the

not-irradiated and irradiated cases.
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Figure 6.50: Particle detection e�ciency as function of the beam incidence angle, on the left
(right) for the not-irradiated (irradiated) sides. Pixels and strips are shown in blue and red,
respectively.

Since the track angle is directly related to the path length traversed by the particle within

the silicon, it also a�ects the amount of ionization charge released. Therefore, this

variable serves as a valuable metric for characterizing detector performance. The most

challenging scenario corresponds to normal incidence (0� ), where the shortest path

length results in minimal charge deposition. As the angle increases, the e�ective path

through the silicon becomes longer, which leads to greater ionization and, consequently,

improved detection e�ciency.

In the case of pixel sensor, the e�ciency remains constant and close to the maximum

for both the irradiated and not-irradiated sides, regardless of the angle. The strip sensor,

however, shows a di�erent behavior. In the not-irradiated case, its e�ciency behaves
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like the pixel sensor, beeing stable across all angles. In contrast, for the irradiated strips,

the e�ciency increases with the angle of incidence. This trend is consistent with earlier

discussion already present regarding �gure 6.49 (right).

6.2.4 Dependency on pixel and strip number

Another key aspect of detector performance is the uniformity of particle detection ef-

�ciency across the sensor surface. This analysis aims to identify potential inhomo-

geneities, particularly at the boundaries between adjacent readout chips. Figure 6.51

presents the detection e�ciency as a function of column number for both pixel and

strip sensors, covering both the not-irradiated side (column numbers near 0) and the

irradiated side (column numbers near 959).
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Figure 6.51: Particle detection e�ciency along the sensor for both pixel (blue) and strip (red): on
the left for the not-irradiated side and on the right for the irradiated side.

No signi�cant inhomogeneities are observed in either con�guration. On the not-irradiated

side, pixel e�ciency remains stable at approximately 98.5%, while strip e�ciency is

around 99.6% as already shown before. On the irradiated side, pixel e�ciency is slightly

reduced to about 98%, while strip e�ciency drops to approximately 94%. This reduction

is attributed to the suboptimal operating conditions�speci�cally, a higher-than-optimal

threshold and insu�cient bias voltage�used during the beam test.

It is worth noting that the error bars in the plots re�ect only statistical uncertainties arising

from the available data sample size.

6.2.5 Study of e�ciency dependence on irradiation

As explained in section 5.3, the irradiated PS-s + MaPSA assembly was irradiated with

a non-uniform �uence distribution. However, thanks to the detailed �uence distribution

study performed in section 5.3.1, it is possible to select data according to the obtained

irradiation map. This enables to precisely evaluate the detector's e�ciency not only

at the beginning and end of its lifetime within the experiment, but also at intermediate

stages, providing a comprehensive characterization of the detector's performance under
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varying radiation conditions.

During the beam test, the beam was initially directed at the fully irradiated region of the

detector and a threshold scan was performed to produce the e�ciency plots discussed

thus far. Subsequently, the detector was physically repositioned so that the beam

targeted a region that had experienced a lower level of irradiation, and the scan was

repeated. This allowed the construction of the curves shown in �gure 6.52.
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Figure 6.52: E�ciency as a function of threshold for pixels (left) and strips (right). Di�erent colors
correspond to di�erent �uence levels. The lower plots show a zoomed-in view of the e�ciency
at lower thresholds.

It is important to note that the data points corresponding to a �uence of 1:4 � 1015 cm� 2,

which in the plots sometimes appear less consistent with expectations compared to

other measurements, were extracted from a separate data set, acquired after moving

the detector. In contrast, the points at 0:8, 1:0, and 1:2� 1015 cm� 2 were all obtained from

the same data-taking runs, resulting in better internal consistency. Minor discrepancies

in operating conditions, such as temperature or humidity variations, may exist between

the separate data sets and can in�uence the measured e�ciency. Nevertheless, the

overall trend in the plots remains clear: as the �uence increases, the detection e�ciency

generally decreases. The highest e�ciency observed for the two sensors, given the

worst case scenario of a 1:4 � 1015 cm� 2 �uence, are:

pixels: 97:8% +0 :5%
� 0:7% strips: 98:8% +0 :3%

� 0:3% (6.26)

71



In a similar fashion a bias scan was performed, showing similar results in �gure 6.53.

While the e�ciency decreases with irradiation, it increases with bias voltage. Although

a bias voltage of 800 V appears to be more than su�cient to ensure good e�ciency

for the pixel sensor, it seems only marginally adequate for the strip sensor. As shown

in �gure 6.53 (right), the e�ciency curve for the strips does not reach a clear plateau,

in contrast to the pixel sensor behavior in �gure 6.53 (left). This indicates that during

future data-taking, careful attention must be paid to other sensor parameters�such as

the threshold�since, as previously mentioned, 800 V will be the maximum bias voltage

provided by the CMS power supplies for the Outer Tracker.
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Figure 6.53: E�ciency as a function of bias voltage for pixels (left) and strips (right). Di�erent
colors correspond to di�erent �uence levels.

6.3 Resolution Study

The spatial resolution is one of the key metrics used to evaluate the performance of

tracking detectors and their individual modules. In fully digital readout systems, such

as those used in the PS and 2S modules, the most accurate estimate of the particle's

position is given by the geometric center of the corresponding cluster. As a consequence

the spatial resolution is strongly in�uenced by the cluster size.

In the following sections, the resolution is �rst evaluated for particles incident at 0�

(section 6.3.1). Subsequently, the dependence of the cluster size on the threshold and

the incidence angle is investigated (section 6.3.2).

6.3.1 Spatial resolution

To evaluate the spatial resolution o�ered by a PS module's, the following study was

conducted on both the not-irradiated and irradiated sides of the detector with tracks at

an incidence angle of 0� . In this analysis, clusters of size one and two are examined

separately. Clusters of larger sizes�typically resulting from � -rays, with observed

clusters of up to 10-12 channels�are excluded from the resolution study presented here.

It is important to note that, from a purely geometrical perspective, a track traversing the
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sensor at angle 0� can at most produce a cluster spanning two adjacent channels if it

crosses the boundary between them. In the absence of analog charge information, which

would enable more precise position reconstruction for complex charge-sharing scenarios,

it is not feasible to accurately assess the resolution for larger clusters. Therefore, the

following study relies solely on geometrical assumptions and is valid only for cluster

sizes up to two.

The key metric in this context is the residual distribution. For a single incoming particle

the residual is de�ned as the distance between the predicted hit position, extrapolated

from the reconstructed telescope track, and the actual measured hit position on the

detector, de�ned as to the geometric center of the observed cluster. For width-one

clusters, the residual distribution is in�uenced by three primary components. First, a

uniform distribution arises from the particles being uniformly distributed within the 100� m

pitch of the readout channels. Second, a smearing e�ect at the borders�modeled

by a Landau distribution�accounts for the energy deposited by the particle and the

resulting electron-hole pair generation. Third, the �nite resolution of the telescope

itself is described by a Gaussian distribution. However, since the expected number

of electron-hole pairs generated by a minimum ionizing particle signi�cantly exceeds

the threshold used during data acquisition, the in�uence of the Landau distribution is

considered negligible.

Therefore, the residual distribution is modeled as the convolution of a box function with

a Gaussian. The spatial resolution for width-one clusters is then estimated by dividing

the width of the uniform distribution (obtained from the �t) by
p

12.

For width-two clusters, the residual distribution is primarily shaped by two factors: charge

sharing between adjacent readout channels, described by a Gaussian distribution,

and the telescope resolution, also Gaussian. Since the convolution of two Gaussians

yields another Gaussian, the total residual distribution is �tted accordingly. The intrinsic

resolution of the detector is extracted as the sigma of the �tted Gaussian, after subtracting

in quadrature the known telescope resolution of 7 � m.

Figure 6.54 shows the resulting residual distributions and the corresponding �ts for all

sensor regions studied. The summary of the resolution measurements is provided in

table 6.4 for both pixel and strip sensors. As expected, width-one clusters exhibit worse

resolution than width-two clusters, owing to the geometric constraint of the 100� m pitch

for width-one clusters, while width-two clusters bene�t from sub-channel resolution due

to charge sharing.

Data set
Pixel (Seed layer) Strip (Correlation layer)

Width 1 (� m) Width 2 (� m) Width 1 (� m) Width 2 (� m)
Not irradiated 19 � 7 14.4 � 0.1 18.8 � 0.9 13.2 � 0.1
Irradiated 22 � 2 13.8 � 0.2 26 � 2 9.8 � 0.6

Table 6.4: Summary of the resolution for normal incidence tracks. Width 1 and 2 refer to the
cluster width.
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Figure 6.54: Residual distributions for clusters of width-one and two. On the top the not-irradiated
side is shown, while the irradiated is on the bottom. The pixels (strips) are on the left (right). The
cluster of width-one distribution is �tted using a box function convolved with a Gaussian function.
The cluster of width-two distribution is �tted using a Gaussian function.

6.3.2 Cluster size

Spatial resolution is strongly in�uenced by the cluster width, making it essential to study

how this quantity varies with two key parameters: the threshold and the beam incidence

angle. The dependence of the cluster width on the threshold is shown in �gure 6.55.

As expected, the average cluster width decreases with increasing threshold on both the

not-irradiated (�gure 6.55a) and irradiated (�gure 6.55b) sides. This behavior re�ects

the reduced probability of forming large clusters at higher thresholds. The same trend is

visible in the full cluster width distributions presented in �gures 6.55c�6.55f.

Figures 6.56a and 6.56b display the average cluster width as a function of the incidence

angle for the not-irradiated and irradiated sensors, respectively. As the angle increases,

the cluster width is expected to increase, as the path of particles in silicon is longer,

so as the amount of charge released. However, the data show that while the average

cluster width begins to rise noticeably for � > 10� , it remains nearly constant at smaller

angles. This plateau is attributed to the chosen threshold value.

This behavior is further con�rmed by the cluster width distributions shown in �gures 6.56c�

6.56f, where the number of clusters with widths of one and two remains largely unchanged

at small angles, resulting in a �at distribution as � ! 0� .
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Figure 6.55: The plots on the top show the mean cluster width as a function of the threshold in
the pixel (blue) and strip (red) sensors. The plots below show the fraction of cluster widths as a
function of the threshold, for the pixel (middle) and the strip (bottom) sensors; here di�erent colors
refer to di�erent thresholds. All the plots on the left (right) are for the not-irradiated (irradiated)
side.

Finally, the last study on the cluster size investigates the fraction of clusters of a given

width as a function of the threshold. This analysis helps to distinguish between the

cases of typical ionizing particles, which produce small clusters, and delta rays, which

generate larger clusters but are less sensitive to the incidence angle.

The results of this study are shown in �gure 6.57. Cluster widths of one and two behave
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Figure 6.56: The plots on the top show the mean cluster width as a function of the beam incidence
angle in the pixel (blue) and strip (red) sensors. The plots below show the fraction of cluster
widths as a function of the beam incidence angle, for the pixel (middle) and the strip (bottom)
sensors; here di�erent colors refer to di�erent angles. All the plots on the left (right) are for the
not-irradiated (irradiated) side.

as anticipated: their occurrence increases with incidence angle, with a plateau for angles

close to zero. In contrast, clusters with larger widths�primarily caused by � -rays�exhibit

a more uniform distribution with respect to the incidence angle and occur less frequently,

as their occurrence is mainly determined by their production probability rather than the

incidence angle of the track.
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Figure 6.57: Fraction of clusters with di�erent widths (in di�erent colors) shown as a function of
the beam incidence angle. Results are shown on the top for the not-irradiated and on the bottom
for the irradiated sides. Pixels (strips) are on the left (right).

6.3.3 Stub detection e�ciency and p T selection

Possibly the most important objectives of this test beam was the study of stub formation

in the module. Building upon the previous calibration and performance analyses, this

�nal aspect can now be explored with a solid foundation. In this section, the e�ciency

of the detector in reconstructing stubs is investigated, followed by an evaluation of its

particle selection capabilities.

Before delving into the analysis, it is essential to describe the stub formation mechanism

and its implementation [56]. When a charged particle traverses the two sensors, it

produces hit clusters, one in the pixel sensor and one in the strip sensor. A stub is gen-

erated and transmitted to the Level-1 trigger only if the distance between the geometric

centers of these two clusters is smaller than a con�gurable threshold, expressed as an

integer number of half-channels (called from now on window) speci�ed in the front-end

readout chips. This mechanism, given what has been explained in section 4.3, enables

the module to select particles based on their transverse momentum. By tuning both the

window size and the spacing between the sensors, the detector can be con�gured to

target speci�c pT thresholds. The goal for the Phase-2 upgrade is to e�ciently select

particles with pT > 2GeV, requiring di�erent con�gurations depending on the detector's

position relative to the interaction point.
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The �rst step in this analysis is to investigate the stub reconstruction e�ciency, de�ned as

the module ability in reconstructing stubs when both the pixel and strip sensors detected

a hit. Figure 6.58 presents this e�ciency as a function of the column number, using only

events recorded at � = 0 � , where a stub is always expected. This approach isolates

the performance of the stub logic and electronics from the overall particle detection

e�ciency, already studied before, allowing a more accurate assessment of the stub

formation mechanism.
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Figure 6.58: Stub reconstruction e�ciency across the sensor for the not-irradiated (left) and the
irradiated (right) sides for normal incidence tracks, with stub window 4.

These plots reveal one noteworthy issue. The stub reconstruction e�ciency, being an

entirely electronic process for this events�given that both the pixel and strip sensors

have recorded hits�should ideally be close to 100% regardless of the windows size

chosen. However, this is not observed everywhere. The primary cause of this ine�ciency

is the presence of � -rays. When a � -ray is emitted, the cluster center can be shifted

by several channels, potentially shifting outside the acceptance window used for stub

selection. In high-radiation environments, such as those expected in the HL-LHC, this

e�ect may be non-negligible. It is therefore advisable to study it in future tests to evaluate

its impact on the physics performance of the tracker.

Having investigated the stub formation mechanism, the primary objective of this test

beam can be assessed: how the module selects particles based on their transverse

momentum.

It is important to note that the Fermilab Test Beam Facility does not feature a magnetic

�eld to bend the particle trajectories. Instead, the module is rotated at an angle � with

respect to the beam axis to emulate di�erent transverse momentum values. This exploits

the fact that in the CMS detector, particles with di�erent pT values hit the modules with

di�erent incidence angles due to their curved paths in the magnetic �eld.

In CMS, the transverse momentum of a particle is given by pT = qBR where q is the

particle's charge, B is the magnetic �eld strength, and R is the radius of curvature in the

transverse plane. For CMS, where B = 3:8 T, this relationship can be used to connect

the beam incidence angle � with the pT of a particle traversing a module located at a

radial distance R from the interaction point (with simple geometric considerations already
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explained in section 4.3). The resulting formula is [50]:

pT[GeV] �
0:57� R[m]

sin�
: (6.27)

The beam incidence angle is related to the stub displacement (� X = X correlated � X seed,

counted in units of channels), the strip pitch (p), and the sensor separation (d), through

the geometric relation:

tan(� ) =
p � � X

d
: (6.28)

Here, � X is measured in channel units. During the test beam, the PS module was

con�gured to generate stub triggers using window sizes of � 2, � 3, or � 4 half-channels.

An angle scan was conducted during the test beam to measure the stub e�ciency as a

function of the beam incidence angle. The resulting data are well described by an error

function in the angle domain, as shown in �gure 6.59. Using equation 6.27, this angular

dependence can be translated into a transverse momentum dependence, yielding the

corresponding plot in �gure 6.60.

From basic geometric considerations, and given that the strip pitch is 100 � m, the sensor

thickness is 290 � m, and the distance between the sensor centers is 1.6 mm, the stub

e�ciency is expected to begin dropping when the beam incidence angle produces a � X

approaching the selected stub window size. This occurs at approximately � � 3.57 � ,

5.36 � , 7.12 � for window sizes 2, 3 and 4. Similarly, the e�ciency is expected to reach

zero at � � 8.68 � , 10.80 � , 12.90 � respectively. These rough predictions align well with

the data, as shown in �gure 6.59.

The mean and width (sigma) parameters obtained from the error function �ts to the data

are summarized in table 6.5.
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Figure 6.59: Stub e�ciency as a function of the rotation angle � , for the not-irradiated (left) and
the irradiated (right) sides. Lines and markers of di�erent colors correspond to di�erent window
sizes, given in half channels.

As previously anticipated, applying equation 6.27, the curves and data points shown in
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Window
Not irradiated Irradiated

Mean (� ) Sigma (� ) Mean (� ) Sigma (� )
2 5.20 � 0.01 1.66 � 0.02 4.97 � 0.02 2.24 � 0.02
3 6.77 � 0.02 1.77 � 0.02 6.81 � 0.02 2.14 � 0.02
4 8.79 � 0.02 1.70 � 0.03 9.34 � 0.02 1.81 � 0.03

Table 6.5: Summary of the error function �t parameters for the not-irradiated and irradiated sides
.

�gure 6.59 as a function of the beam incidence angle can be transformed into functions

of the transverse momentum. Figure 6.60 shows the resulting plots for both the not-

irradiated and irradiated regions.
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Figure 6.60: Stub e�ciency as a function of the particle transverse momentum pT, for the not-
irradiated (left) and the irradiated (right) sides. Lines and markers of di�erent colors correspond
to di�erent window sizes, given in half channels.

The e�ective pT threshold is de�ned as the transverse momentum value at which the

stub e�ciency reaches 50%. The behavior observed in the plots matches expectations:

larger window sizes correspond to less selective cuts in pT. The �t for the window size

4 shows an e�ciency close to 100% at pT = 2 GeV for both the not-irradiated and

irradiated sides. The e�ective p T thresholds are 1.38 GeV and 1.30 GeV, respectively.

In both cases, the e�ciency plateaus after pT = 2; GeV at values exceeding 98%,

con�rming that the module can e�ectively select tracks with pT > 2GeV at a radial

distance of R = 37:2cm from the interaction point.

6.4 Angle scan simulation

Given the importance of cluster size in determining the spatial resolution of the detector,

in addition to the studies conducted on test beam data, a simulation based on a toy

model was developed. The primary objective of this simulation is to gain a deeper

understanding of the average cluster size trend as a function of the incidence angle,

which was already discussed in section 6.3.2. A secondary goal is to attempt to reproduce
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the stub e�ciency versus angle plot shown in �gure 6.59.

Before delving into the details, a few clari�cations are necessary. First, the model applies

only to data from the not-irradiated side of the detector, as radiation damage e�ects

have not been included. The simulation is built on several simpli�cations, which�at

the level of precision targeted in this study�may introduce non-negligible deviations.

In particular, due to the absence of a detailed electric �eld map within the silicon, the

simulation relies on certain non-physical parameters to approximate the observed data.

It is important to emphasize that the aim of this simulation is not to construct a fully

predictive model, but rather to o�er a descriptive framework that helps interpret the

experimental observations. In this context, the model successfully reproduces the

observed trend of cluster size versus incidence angle, while further re�nement is required

to accurately describe the stub e�ciency as a function of the angle.

6.4.1 Simulation architecture

In the context of this study, an original and simpli�ed simulation has been developed

to support the optimization of the analysis and to improve the understanding of the

data behavior. This simulation is based on a two-dimensional model of the detector,

schematically illustrated in �gure 6.61 (left). Protons are generated with a uniform

distribution along the x-axis and an incidence angle � . As a proton traverses the silicon

sensor, it creates a number of equally spaced electron-hole (e-h) pairs along its path.

The motion of these pairs within the silicon induces a signal in the readout electronics.

The number of e-h pairs generated per particle is estimated using the charge distributions

shown in section 6.1. Since those distributions were derived assuming normal incidence

(� = 0 � ), the increase in path length at higher incidence angles must be taken into account.

The number of generated e-h pairs is scaled according to the following expression:

Ne-h(� ) = Ne-h(0� ) �
1

cos(� )
(6.29)

Figure 6.61: Simulation architecture (left) and charge propagation representation in silicon (right).

To simplify the simulation, each e-h pair is represented by a single "charge" that drifts

inside the silicon toward the readout electronics, positioned at the top of the sensor

layers, as shown in �gure 6.61 (right). During its upward drift, each charge can also
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undergo lateral di�usion along the x-axis. Its �nal position x f relative to the initial position

x i is modeled as:

x f = x i + G(0; � ) (6.30)

where G(0; � ) is a Gaussian-distributed random variable with zero mean and standard

deviation � , which is a tunable parameter in the model. Separate � values are used for

pixels and strips.

The �nal position x f determines which readout channel (100 � m wide) collects the

charge. To model the electronic cross-talk between channels, the collected charge

in a given channel i is redistributed to its neighboring channels. Speci�cally, each

channel contributes a fraction p of its charge to each of its two immediate neighbors

while conserving the total charge. The updated charge Si in channel i after cross-talk is

given by:

S0
i = (1 � 2p) � Si + p � (Si � 1 + Si +1 ) (6.31)

Here, p is a simulation parameter with separate values for pixels and strips.

After simulating the drift and cross-talk, the signal collected in each channel is compared

against a threshold value (equal to those used during the test beam, listed in table 5.3).

Channels with signal above threshold are �agged as "on". This information forms the

basis for reconstructing clusters of hits.

Next, the stub reconstruction logic� already described in section 6.3.3�is applied

to determine whether a stub is formed for each simulated event. This allows to track

whether and where stubs are created, and to extract the corresponding cluster sizes in

both sensors.

By varying the angle � at which the protons are generated, the angle-dependent behavior

of the detector can be simulated and the angle scan studies shown in section 6.2 can

be replicated, including both cluster size evolution and stub e�ciency versus angle.

6.4.2 Simulation results

The model described in the previous section depends on four key parameters that must

be optimized to reproduce the experimental data: the cross-talk fractions for pixels and

strips (ppixel and pstrip), and the standard deviations of the Gaussian distributions that

model the lateral di�usion of charge carriers ( � pixel and � strip). It is important to emphasize

that this is a simpli�ed, phenomenological model. The parameters mentioned should be

interpreted as e�ective quantities rather than strict representations of physical processes.

Nevertheless, with careful tuning, these parameters can be used to replicate trends

observed in the test beam data.

To calibrate the model, the average cluster size as a function of the incidence angle was
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used as a reference (see �gure 6.56a). However, one important clari�cation is needed:

while the experimental data includes all clusters, the simulation does not account for

� -rays, which can produce large clusters and signi�cantly skew the average. To ensure

consistency with the assumptions made in the simulation, a modi�ed version of these

graphs was produced by including only clusters with a maximum size of two. Based

purely on geometrical considerations, at the angles studied during the test beam, a track

can produce hits in at most two channels. This �ltered dataset was then used as the

reference for tuning the simulation parameters, e�ectively excluding the vast majority of

� -ray events.

The optimal combination of parameters that best reproduces the experimental trend

found is reported in table 6.6. The resulting comparisons between data and simulation

for pixel and strip sensors are shown in �gures 6.62 and 6.63.
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Figure 6.62: Simulated mean cluster size compared with data: pixel sensor on the left and strip
sensor on the right. The data points include only events with a maximum cluster size of 2, in
order to exclude contributions from � -rays, which are not modeled in the toy simulation.
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Figure 6.63: Simulated cluster size distribution at � = 0 � compared with data: pixel sensor on
the left and strip sensor on the right. The data histograms include only events with a maximum
cluster size of 2, in order to exclude contributions from � -rays, which are not modeled in the toy
simulation.

The simulation appears to reproduce the experimental cluster size data reasonably well,

despite the simpli�cations of the model.
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ppixel 1:7% � pixel 13:5 �m
pstrip 7% � strip 16:5 �m

Table 6.6: Optimized parameter values used in the simulation model for pixel and strip sensors.

The next step was to simulate the stub detection e�ciency, where unfortunately the

results reproduce the data only partially. As an example, �gure 6.64 shows a compari-

son between the measured stub detection e�ciency and the simulated one for the stub

window size 2. The two curves agree very well up to the onset of the e�ciency drop.

However, the slope of the drop in the simulation is steeper than in the experimental data.

This indicates that the current model is overly simpli�ed and would bene�t from re�ne-

ments, such as incorporating a realistic electric �eld pro�le within the silicon and adopting

a more accurate simulation of charge transport and signal formation, rather than relying

on the "point charge" approximation used here.
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Conclusions

The High-Luminosity phase of the LHC will pose a wide range of challenges for the

detectors along the ring, and CMS must adapt accordingly. One of the key elements

of this upgrade, and the main subject of this thesis, is the integration of the new Outer

Tracker into the Level-1 Trigger system. To add this functionality, novel silicon detector

modules�namely the 2S and PS modules�have been designed. These modules,

through a particular sensor arrangement and front-end logic, can perform a very fast

selection of particles based on their transverse momentum, so that they could be used

for the L1 trigger selection.

This thesis presents the results of the �rst test beam performed on a PS module in its

�nal con�guration, as it will be mounted in the CMS detector. These results, together

with ongoing test beams currently under analysis, will provide the collaboration with the

necessary set of performance parameters and metrics needed for the characterization

and modeling of the module within the experiment's simulation and data analysis software,

CMSSW [57].

The core aspects addressed in this thesis include:

ˆ Particle detection e�ciency and radiation tolerance: Ensuring high particle

detection e�ciency is essential for reliable track reconstruction in high-energy

physics experiments. The PS module was evaluated under varying radiation

levels to characterize its performance degradation and con�rm that it meets the

requirements throughout its expected operational lifetime. These results provide

guidance for setting optimal operating conditions and for anticipating performance

over time.

ˆ Spatial resolution: A fundamental metric for any tracker, spatial resolution directly

a�ects track reconstruction quality and varies depending on operating conditions

and radiation damage.

ˆ Transverse momentum selection: As the main innovation of the upgrade, the

ability to select particles based on pT is essential for reducing the data volume to

manageable levels under high-luminosity conditions. In this thesis, the ability of

PS modules to select particles with transverse momentum greater than 2 GeV was

tested�a critical capability for the success of the new Level-1 Trigger strategy.
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Beyond the immediate physical insights, these results are invaluable for software develop-

ment as well. Accurate detector simulations require detailed and validated performance

data, which in turn inform the experiment's analysis strategies and physics reach.

While the content of the studies described in this thesis is currently under scrutiny to be

published in a peer reviewed journal, the work is far from complete. As of this writing,

production of the modules has begun, along with the development of the corresponding

DAQ software and �rmware. This international e�ort, involving many institutes worldwide,

is expected to culminate in the full assembly of the new Outer Tracker by 2030�the

year when data taking is scheduled to begin for the High-Luminosity LHC. With this new

phase, CMS will be equipped to deliver precision measurements and pave the way for

discoveries that may challenge or extend the Standard Model. Surpassing the limits of

the SM remains one of the great quests of modern physics�a puzzle that has captivated

scientists worldwide since the Higgs boson's discovery in 2012 and that this new era

hopes to unravel further.
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