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Abstract

For the upcoming High Luminosity operations of the LHC (HL-LHC), one of the major
upgrades for the CMS experiment is the replacement of existing endcap calorimeter with
new High Granularity Calorimeter (HGCAL). The calorimeter is being upgraded in or-
der to withstand the large amount of radiation exposure expected at the HL-LHC and at
the the same time have a fine transverse and longitudinal granularity, and precise timing
capabilities in order to separate the pile up contribution within individual events. The
HGCAL will be based on silicon sensors and scintillator tiles directly readout with the
silicon photomultipliers, and will have more than 6M independently readout channels.
As a part of this upgrade program, a prototype system was exposed to beams of positrons
with energies ranging from 20GeV to 300 GeV in beam test experiments carried out at
CERN in October 2018. The prototype used consists of 14 double layered structures, each
equipped with hexagonal silicon module along with 4 Skiroc2-CMS readout chips, in the
electromagnetic section. This corresponds to ~3600 number of independent channels.
The charged generated by particles traversing the sensors undergoes amplification, shap-
ing and digitization before these are saved for offline analysis. To be able to cover a large
dynamic range of charge from few fC to a few pC, two gain stages of the pulse shaper
and a time-over-threshold measurements are used. This thesis summarizes calibrations of
each of the intergain calibrations of these channels using charge injection method.
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Chapter 1

Introduction

After a long shut down of almost four years, the Large Hadron Collider (LHC), CERN
is about to resume proton-proton collision operations with an instantaneous luminosity of
2X10**cm~2s~! for a period of three-to-four years called Run 3. Data corresponding to a
total of ~ 300fb~! integrated luminosity is expected to be collected by the end of Run 3.
In the next phase of the LHC expected to start a the end of this decade, pp collisions will
take place at approximately five-seven times more instantaneous luminosity. This phase
is called High Luminosity LHC (HL-LHC), and the end of this phase of ten years, data
corresponding to a total of 3000fb~! integrated luminosity is expected to be collected
[6]. This large dataset will facilitate new physics searches as well as the Standard Model
(SM) precision measurements. However, this also brings new challenges for the detector
and its components. Average pile up per bunch crossing is expected to be 140-200 (as
compared to 30 - 40 in Run 2). It will be a challenge to maintain performance of physics
objects like jets, leptons and missing transverse momentum against the degradation of
detector performance by continuous radiation exposure. Refer to Chapter 3 of this thesis
for a detailed discussion of these effects. Hence, different detector components, especially
those closer in the direction of beam, need to be replaced or updated [7].

The CMS collaboration [ 1 2] is working towards upgrading many parts of the detector,
including the replacement of the current endcap calorimeters [ 7], which were designed to
perform for an integrated luminosity of ~ 300fb~!. After this, the physics performance
of the system will get affected badly. A high granularity calorimeter (HGCAL) [7] has
been decided to replace the current endcap calorimeters, providing a fine transverse and
longitudinal segmentation, and precise timing measurements, for better pileup rejection
and better particle identification.

Fig. 1.1 shows a schematic view of the proposed CMS HGCAL which is a sampling
calorimeter having 50 active layers. These active layers are built using silicon sensor mod-
ules and scintillating tiles. The electromagnetic section will use silicon as active material
paired with lead, copper, and copper-tungsten absorbers. The electromagnetic section is
followed by a hadronic section (CE-H) which uses two different types of sensors depend-
ing upon the intensity of radiation. The first section of CE-H is exposed to high radiation
for which the active material is silicon, and steel is used as the main absorber. This is
followed by a low radiation region having plastic scintillator tiles and on-tile silicon pho-
tomultipliers (SiPM) for readout. The three sections are marked in Fig. 1.1. For HGCAL
the total depth for CE-E corresponds to ~25X, or ~1.34;,, for the reconstruction of en-
ergies deposited by electrons, positrons, and photons. CE-H adds another ~ 8.44;,, to
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2 CHAPTER 1. INTRODUCTION

the total depth of the HGCAL for the measurement of energies deposited by charged and
neutral hadrons.

~2.3m

Figure 1.1: The schematic view of the design of the CMS High Granularity Calorimeter
Endcap.

The CMS HGCAL group has been testing various prototype designs of the various
detector and electronics components of the HGCAL calorimeter detectors in beam test
experiments using single particle high energy beams at CERN, DESY & at Fermilab [1].
One such beam test experiment at the H2 CERN beamline was set up to test the perfor-
mance of a HGCAL prototype equipped with a 28 layered CE-E and 12 layered Si-CE-H
combined with CALICE Analog Hadronic Calorimeter (AHCAL) [20], which was based
on rectangular scintillator tiles directly readout by SiPMs. The prototype was exposed
to beams of positrons & pions with beam energies ranging between 20-300 GeV/c and
200GeV/c muon beams. Fig. 1.2 shows the beam test setup from 2018 with the HGCAL
prototype installed in the beamline.
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Figure 1.2: The beam test experiment setup equipped with 2018 HGCAL prototype.

The building block for the electromagnetic section (CE-E) and some initial layers of
the Hadronic section (CE-H) were 6” silicon modules [ 1], each equipped with 4 SKIROC2-
CMS [10] readout chips. In this thesis, the performance of the CE-E prototype using
positron data is studied in terms of energy resolution, energy linearity, and final recon-
structed energies [2]. In this thesis, different gain linearization calibration methods are
discussed, which were used to scale different gain stages provided by the SKIROC2-CMS
chip in order to get a linear response over a large dynamic range [1].

In Chapter 2 of this thesis, an introduction to particle interaction with matter and
the formation of an electromagnetic shower, along with a discussion on semiconductor
detectors and calorimeters is presented, which is essential to understand in order to study
the performance of HGCAL prototype in high energy positron beams. Chapter 3 gives
a brief introduction to CMS detector upgrades for HL-LHC, and HGCAL is discussed
along with the construction of the 2018 HGCAL prototype. Chapter 4 discusses different
calibrations performed on the Silicon channels in order to receive a linear response over a
large dynamic range from the readout chips. This thesis majorly focuses on the Intergain
calibration using the charge injection method. Chapter 5 presents detailed discussions of
all the models created to perform Intergain calibration using charge injection data, along
with their performance for reconstructing energies for positron beams.
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Chapter 2

Particle interactions with matter

The general aim of any particle detector is to convert the energy deposited by the parti-
cles traversing through it by interacting with its material to a recordable electronic signal
which could be digitized and stored for further analysis (refer to chapter 5 of [15] to
read about detector response in detail). This thesis work aims to study the performance
of a prototype sampling electromagnetic calorimeter based on silicon sensors and lead
and copper based absorber material. In this chapter, I have summarized the key concepts
required to understand the interaction of charged particles with matter via ionization pro-
cesses and how high-energy positrons (as well as electrons and photons) deposit their
energies as electromagnetic showers [sec 2.1]. This is followed by a discussion of the sig-
nal generation by semiconductor detectors, focusing on their use in sampling calorimeters
to measure high-energy particles. More comprehensive accounts of different interaction
mechanisms and detection techniques are available in [15] & [13], and are not included
in discussion here.

2.1 Interaction of charged particles with matter

An incident charged particle can lose its energy by Coulomb interactions with atomic
electrons either by processes in which an electron is ejected, called ionization process, or
by exciting electrons to high energy levels, called excitation process. Relativistic electrons
and positrons, however, primarily lose their energies through radiative processes, i.e.,
by emitting photons, called the bremsstrahlung process. Key features of ionization and
radiative processes are briefly described in section 2.1.1 and section 2.1.2 respectively.

2.1.1 Energy loss due to Ionization

Traversing charged particles interact with the electromagnetic field of the atoms in the
material. These interactions result in ionization or excitation of the atoms and energy loss
of the incident particles. The "Bethe-Bloch” [2] formula :

dE Z 4wolh? ¢ 2mec? By s
_dE N2 G (2mee BT g O
dx A m, B2 I 2

(2.1)

where x is the distance traversed by the particle in the medium, p is the density of the
medium, N, is the Avogadro’s number, Z is the atomic number, and A is the atomic weight
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6 CHAPTER 2. PARTICLE INTERACTIONS WITH MATTER

of the atoms of the material, m, is the electron mass, c is the speed of light in vacuum, q
is the electric charge of the incident particle, 3 is v/c, ¥ is the Lorentz boost factor, I is the
ionization potential of the medium and d is the correction for dielectric screening effect
at highly relativistic speed of the particle. The variation of energy deposited by ionization
as a function of particle energy is shown in Fig. 2.1 (for muons).

The Bethe-Block equation [Eqn 2.1 shows that the energy loss increases as the particle
speed decreases(~ B2 ~ v~2), which implies that slow particles will deposit more energy
per unit length as compared to fast particles. As the particle speed increases, the energy
loss reaches a minimum of about 1.5 — 2.0 MeVcm? /g. Hence, the concept of minimum
ionizing particles (MIP) has an important role in detector calibration as it is a well-defined
quantity for a given detector material. Relativistic charged particles with 8-y > 4 are
MIPs, i.e., the energy loss via the ionization process is minimum (other processes, of
course, maybe more probably depending on the particle’s energy).

This has an interesting implication for muons and their use as a standard reference
for the calibration of detectors [!]. Ionization energy loss of muons passing through
a copper medium is shown in Fig. 2.1. Since the muons are a hundred times heavier
than the electrons, the radiative losses are not significant until very high energies. In the
energy range of particles in which no other competitive processes, e.g., radiative losses
or nuclear interactions, by which particle can lose energies, the ionization loss remains
the primary interaction mechanism. Hence, the ionization loss for muons remains close
to the minimum in an extensive momenta range of one to a few hundreds of GeV.

The ionization energy loss is a stochastic process. The Bethe-Bloch equation [Eqn
2.1] describes only the average energy loss by particles. So, for example, if one shoots
many muons of the same incident energy on a thin detector medium like a silicon sensor,
one expects to see that the signal collected (from ionization charge produced) follows
a Landau distribution with a non-zero width around the maximum probable value. For
thicker detectors, one expects to get closer to the Gaussian distribution.

L | [ | | | | I ]
- + -
B 1 on Cu
NE 100 = u_ e ) E
‘>" E Bethe-Bloch Radiative ]
% - / Anderson- 4
= 7'-'._&‘ & Ziegler / .
S % y
g |E2 Eue /f/
S 10EEW Y Rad =
® " E3 Radiative /¢ Radiative 3
A f Minimum  effects ‘p~” losses .
& L ionization reach 1% s o -—3
S I[Nuclear f| 2= A e Saepenee M gl e - ]
n losses e N
¢ Without &
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Figure 2.1: Energy loss of muons in copper. The y-axis is given in units of MeVcem? /g
so that one can multiply by the density of any material and compute the energy loss in
MeV/cm (energy lost per unit distance traversed)



2.1. INTERACTION OF CHARGED PARTICLES WITH MATTER 7

2.1.2 Radiative energy losses

A charged particle traveling in the vicinity of the electric field of a nucleus of an atom
can accelerate or decelerate by the action of an electric field. This change in momentum
of incident particles is realized by the emission of radiation in the form of photons. This
radiation is called bremsstrahlung([ 5], [13]), and the dependence of its probability on
particle mass and material property is given as:
72
O o i (2.2)

The probability of the bremsstrahlung process [Eqn 2.2] is directly proportional to Z2,
where Z is the atomic number of the material atoms. So, energy loss by ionization is the
dominant one among the two interactions discussed.

Also, the o is inversely proportional to the mass of the incident charged particle (m).
This implies that the energy loss of muons due to bremsstrahlung radiation is very very
small compared to electrons. This is the reason that muons are minimum ionizing par-
ticles for a wide range of momenta, while radiative losses start dominating in the case
of electrons at low energies resulting in a shower of particles, as explained in the next
section.

2.1.3 Development of particle shower in matter

When high energy particles interact with matter, they do not lose their entire energy all at
once instead the higher energy particles repeatedly generates low energy secondary parti-
cles with lesser energies. This splitting continues further producing a large number of low
energy particles which finally got absorbed and deposits their energy in matter by inter-
acting via different processes. There exist two major types of these shower development

[22]:

* Electromagnetic showers : formed by particles interacting with matter via electro-
magnetic forces, e.g. electrons, positrons, photons.

* Hadronic showers : Formed by particles interacting using strong nuclear forces, e.g.
high energy pions.

Since, in this thesis the HGCAL prototype is tested using positron beams which interact
primarily using electromagnetic interactions, hence understanding elecromagnetic show-
ers is really important in order to study the performance of HGCAL in positron beams.
Section below briefly describes the electromagnetic shower development.

Electromagnetic Shower development

An electromagnetic shower starts when a high energy e or 7y particle enters a material,
for particle energy as high as few GeVs, photon’s primary mode of interaction is via pair
production [15], i.e. , a photon converts into an electron-positron pair. These high-energy
electrons and positrons interact with matter to emit photons, according to a process called
bremsstrahlung. Continuous converting of photons into electron-positron pairs and pro-
duction of new photons results in the formation of a cascade of particles in which each new
particle formed is of lower energy. This process continues until the secondary particles
formed have energies lower than a threshold value below which processes like Ionization,
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Figure 2.2: Schematic diagram of electromagnetic shower cascade development in the
block of absorber material [3]

photoelectric effect, and Compton scattering are dominant, leading to complete absorp-
tion of the particle in the medium. Fig. 2.2 shows a schematic diagram of electromagnetic
shower development in an absorber material.

2.2 Semiconductor detectors

In these types of detectors, the incident particles are made to traverse through semicon-
ductor crystals, and the output signal is constructed from the collected electron-hole pairs
created as a result of energy lost by the incident particle. These detectors can also be
looked at as a solid-state version of the gaseous ionization detectors as they share a com-
mon working principle of creating charge pairs and collecting them as an electronic pulse.
However, the energy required to generate an electron-hole pair in Si is roughly 1/10"* of
the energy needed to create electron-ion pair in gaseous detectors (3.6 eV for Si compared
to 25.5 eV for argon). So, more charge pairs are created for the same amount of energy
deposited in a semiconductor detector than in a gas detector, resulting in a better signal
resolution.

Before we discuss how semiconductors are used as active material in detectors, let us
quickly recap the important properties of semiconductors relevant to us.

2.2.1 Some properties of semiconductors

Particles passing through the semiconductor crystal interact with the semiconductor atoms
as per the Beth-Bloch equation [Eqn 2.1]. The deposited energy results in the excitation
of electrons from the valance band to the conduction band, forming electron-hole pairs
(charge carriers in semiconductors) [15]. The most commonly used semiconductors for
particle detection are Silicon (Si) and Germanium (Ge). An intrinsic semiconductor is a
pure semiconductor crystal with all the semiconductor atoms arranged in a well-defined
periodic lattice. These pure semiconductor crystals are not suitable for particle detection.
Instead, these crystals are arranged in a special configuration (p-n junction) to achieve
excellent resolution and low statistical fluctuations.
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Doping of semiconductor

To increase the conductivity of the semiconductors, specific impurities are introduced in
the pure semiconductor crystals, referred to as acceptors or donors, and the semiconduc-
tor is said to be doped. Let us have a look at one example of both types of impurities and
types of doped semiconductors formed and how they help in boosting the conductivity.

p-type semiconductors (acceptor impurity)

Acceptor impurity is a type of atom which has one less valence electron than that
of a semiconductor. On introducing such particles to pure semiconductors, these atoms
borrow one electron from a neighboring semiconductor, creating an acceptor level in the
bandgap near the valence band. The energy gap between these newly formed acceptor
sites and valence band is very low, and even by small thermal energies, electrons from
valence bands jump to these acceptor sites and participate in a covalent bond having an
energy level close to the valence band and hence increasing conductivity, as shown in
Fig. 2.3 & the semiconductor is said to be a p-type semiconductor. An example of a p-
type semiconductor is Silicon doped with group 3 elements of periodic table, e.g., Boron
(trivalent).

Extra hole created due to less
number of electrons in valence
bond of boron

Conduction Band

v | ug, N
O :O\ i | I
G Acceptor level @ O gt Si (tetravalent) crystal

AE
doped with Boron
l (trivalent)
Valance Band| o
p - type

Figure 2.3: P type extrinsic semiconductor

n-type semiconductors (donor impurity)

In this type of doped semiconductor, pure crystal is doped with impurities having one
extra valence electron. The impurity element has one electron left after all the covalent
bonds are formed. This extra donor electron occupies energy levels very close to the
conduction band, and very little energy is required to excite them into the conduction
band. Even thermal fluctuations can surpass this small energy barrier between donor level
and conduction band, and the donor will excite electrons into the conduction band even
at low temperatures. Hence, every lattice point that has been replaced with a donor atom
will result in an extra electron that will participate in conduction and boost the material’s
conductivity. The semiconductor is an n-type semiconductor with an excess of electrons
as carriers. An example of an n-type semiconductor is Silicon (tetravalent) doped with
the periodic table’s group V elements, e.g., arsenic (pentavalent).
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@ ]
Donor Impurity
contributes in free
Conduction Band ’ @ . extra electrons.
. --@-
AE Donor level . @ @ ‘
G @ ' @
Q
o @ .
O

n-type

Figure 2.4: N type extrinsic semiconductor

2.2.2 P-N junction diode

These p-type and n-type semiconductors are infused together to form a p-n junction in-
terface. When the two surfaces are joined together a movement of charge carriers begins
at the interface due to the difference in concentration of the charge carriers at the inter-
face. Since the electrons from n-type region are attracted to p-type region and vice versa
for the holes. These movement of charge carriers near the interface region creates a de-
pletion region called the depletion zone where all the charge carriers have been swept to
the opposite sides due to imbalance in concentration of charge carriers. In the beginning
both p type and n type semiconductor were neutral, this movement of charges from n side
to p side results in distribution of charge densities in the depletion zone. This results in
creation of an electric field (E;) [Refer Fig. 2.5] across the depletion zone in the direc-
tion opposite to that of the movement charge carriers. Finally, the charge carriers stop
diffusing further [15].

So the depletion region is free of any charge carriers. As an incident particle passes
through this region and loses its energy, electron-hole pairs proportional to the amount of
energy deposited will be created. These electrons and holes can be swept on the opposite
sides under the influence of an external electric field and can be read out as an output
electronic pulse which can be digitized and saved for further analysis.
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Figure 2.5: P-N junction in reverse bias setup

In order to get fast signals and to avoid recombination of electron holes pairs created
by the traversing particles, the depletion zone is widened further by using an external
electric field (E) [Refer Fig. 2.5] by connecting the p side to the negative terminal and
n-type to the positive terminal, i.e., reverse bias. This field will be able to stop any re-
combination of electron-hole pairs as the electrons and holes are separated to the opposite
end instantaneously after they are formed. This configuration of the p-n junction diode is
called reverse biasing. Fig. 2.5 shows a p-n junction in reverse bias configuration where E
is the electric field due to reverse biasing and E; is the electric field induced due to charge
separation in the depletion zone.

Since semiconductor gives compactness to the detector compared to other detector
materials and high sensitivity to small energy detection, a semiconductor is a good choice
for the detector’s active medium. Fig. 2.6 shows a transverse view of an ionizing particle
traversing through a silicon sensor.

preamplifier
bias resistor,

coupling capacitor
p —implant

rdepletion zone

n-bulk

ohmic n—side contact

back side bias

Figure 2.6: Charged particle traversing through a silicon sensor

2.2.3 Dealing with radiation damage

Incoming radiation may knock out atoms in the lattice, leaving defect points in the lattice
of the silicon wafer resulting in the formation of additional energy levels in the forbid-
den gap, which allows the free charge carriers to occupy these states, thus reducing the
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efficiency in collecting the induced signal. To minimize this effect, the charge collection
time is reduced so that the induced charges would not get enough time to occupy these
additional defect energy gaps. To do so, a reverse bias voltage is increased so that the
induced charges got collected instantaneously. The only drawback of increasing the bias
voltage is that it also increases the effects of leakage current in the system resulting in a
worsening of resolution. To somewhat minimize the impact of these leakage currents, the
HGCAL calorimeter will be operated in -35°C [1].

The CMS [7] detector combines different types of these detection techniques in or-
der to measure different physical quantities with highest precision. The detectors that
are used to measure energy of the incident particles by complete absorption of them are
called calorimeters. Next section discuss more about calorimeters and their response to
electromagnetic showers.

2.3 Calorimeter

Calorimeter is a device used to measure energy and position of the incident high energy
particles. Signal formation in a calorimeter is a destructive method i.e, a high energy
particle entering the calorimeter will undergo shower development (Electromagnetic or
Hadronic depending upon the type of incident particle) and gets converted into a large
number of low energy secondary particles which finally got absorbed completely in the
active material of the calorimeter, giving an output signal.

Calorimeter detector systems are designed to fully contain the showers produced by
et, Y and hadrons. Calorimeter has two main media, the first one is the absorber medium
in which the cascade develops and other one is the active medium in which the energy got
deposited and finally converted to a measurable output signal.

The HGCAL is designed with lead and steel as their main absorber mediums and
silicon and plastic scintillators as active medium.

2.3.1 Response of calorimeter to Electromagnetic shower

Calorimeters are designed to contain the showers produced by e, 7 and hadrons and need
to be checked for the for the performance in it’s operational energy ranges.

There are two main criterion as per which the calorimeter’s performance is measured
which are discussed in section below:

Response linearity

The amount of energy deposited by the shower particles in the sensors is called visible
energy (E,;s). A calorimeter designed to contain full electromagnetic shower (CE-E) will
generate a response proportional to the energy of incoming e or 7. i.e,

Es<E (2.3)

where E is the energy of the incoming particle beam. This is because shower will
generate in CE-E and will end up depositing all the energy of the sub particles created in
the active materials of calorimeter.

The first performance check is to ensure a linear response of the calorimeter for the en-
ergy ranges it is designed for. Otherwise, systematic biases may be propagated to the en-
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ergy measurement of decaying particles, hereby impairing the calorimetric performance.
Section 4.2.2 discusses the procedure followed in order to check the linearity of the re-
sponse from CE-E for positron beams.

Energy resolution

Another important performance criteria to check for is the resolution. Since, the particle
interaction with the active material of the calorimeter is a stochastic processes, results into
widening of the visible energy spectrum with a spread og. This spread directly affects the
resolution of the calorimeter as per Eqn 2.4

(%)2 = (%)2+C2+ (%7)2 (2.4)

Where, S contributes for the stochastic fluctuations called stochastic term, N is the
noise term corresponds to the contribution via noise and C is the constant term to take
miscalibrations, saturation effects, non linearities etc. into account. Section 4.2.2 demon-
strated the calculation of resolution for HGCAL prototype using positron beams.

In the next chapter a brief introduction to CMS and upgrade of it for HL-LHC is
described.
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Chapter 3

CMS upgrades for HL-LHC and the
High Granularity Calorimeter

The LHC is currently at the end of second long shutdown (called LS-2), after which the
LHC will be able to reach an instantaneous luminosity of 2x103¢m=2s~!. The LHC
is scheduled to begin in May 2022 for a working period of 3 years which will be the
completion of Phase-I of the LHC operation [6]. Refer to Fig. 3.1. Phase-2 [19] will start
with a three-year shutdown called LS-3. After LS-3, the LHC will have an instantaneous
luminosity as high as 7x10**cm—2s~! which will be the starting of the HL-LHC [9] phase,
at the end of which the LHC’s total integrated luminosity will boost up to 3000fb~!. Fig.
3.1 shows the LHC upgrade schedule.
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Figure 3.1: LHC upgrade schedule [16]
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While the high luminosity upgrade helps to collect a large amount of data for direct
searches for new physics and precision measurements of SM predictions, it also brings
some challenges for the detectors, such as :

» Fig. 3.2 (left) shows expected fluence in the endcap calorimeter at the end of the
HL-LHC upgrade indicating that the radiation dose will accumulate over the time
and more in sections closer to beam pipe. This directly affects the performance of
active detector components including the electronics components. One main chal-
lenge for these detectors is to maintain adequate physics performance and minimize
impact of radiation damage in HL-LHC harsh high radiation environment.

* Inelastic proton-proton collisions, besides the collisions of interest are referred to
as pile-ups. In general, pile-up causes substantial activity in the detector, and the
signals need to be detected and rejected from particles that do not originate from
the primary interactions. A very high pile-up is expected at the collision points
with increased luminosity. The average pile-up will increase from 30-40 in Run-2
to 140-200. Fig. 3.2 (right) shows events of display of a collision with 140 pile-up
collisions.

CMS p-p collisions at 7 TeV per beam

Simulated Event Display at 140 PU (102 Vertices)

Absorbed Dose [Gy]

Figure 3.2: HL-LHC requirements

The CMS Collaboration has initiated a program to upgrade the current detector to
fulfill the HL-LHC requirements to cope with these conditions. One of the major steps
of the upgrade program is to replace the existing endcap calorimeter with a new High
Granularity Calorimeter [21].

3.1 Compact Muon Solenoid (CMS)

The Large Hadron Collider (LHC) is the largest and most powerful particle accelerator
ever built. It can accelerate protons to a speed close to the speed of light and then makes
them collide at four collision points around its ring.
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Figure 3.3: An aerial view of the LHC ring with four collision points and corresponding
experiment

Fig. 3.3 shows an areal view of the LHC ring with the four collision points marked.
The CMS detector is installed at one of the four collision points where proton beams are
made to cross each other. The CMS detector is designed to detect various stable particles
which are outcome of pp collisions and measure their physical quantities like momentum,
energy, position and charge. Fig. 3.4 shows a schematic picture of the CMS detector
design and highlights different parts of it. The CMS detector consists of a Tracking sys-
tem [5] used for the identification of particle trajectories. Energy measurement tasks are
performed by the calorimeters which is briefly discussed in section 2.3. Calorimeters are
followed by superconducting solenoids used to bend the tracks of the charged particles by
creating a strong magnetic field followed by muon systems which are gaseous detectors
interleaved by the iron return yoke for the detection of muons [4].

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~1m? ~66M channels
Overalllength ~ :28.7m
Magnetic field :3.8T

=

Microstrips (80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

{ /' FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

~N A

Figure 3.4: Schematic diagram of the CMS [12]
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3.2 CMS upgrade for HL-LHC

The CMS collaboration has planned various improvements and upgrades for Phase-1 and
Phase-2 operation of LHC to optimize the detector performance and make it more sustain-
able in the harsh environment of HL-LHC. Among different initiatives taken to upgrade
the detector, one major step was to upgrade the existing calorimeter with a new upgraded
High Granularity Calorimeter (HGCAL). The current endcap calorimeters will get dam-
aged heavily from high radiations by the end of Run-3 [17] and will lose their physics
performance. Therefore, the current endcap calorimeters will be replaced by a more radi-
ation tolerant detector and will also account for high pile-ups expected in run-3 of LHC.

3.2.1 HGCAL endcap detectors

Considering the conditions of high radiation exposure and large pile-up, the sensitive
material of the upgraded calorimeter must be radiation tolerant and should also be highly
granular so that the energy measurements can be possible to a finer level in order to deal
with pile-ups in the offline analysis.

In the final HGCAL design, Silicon will be used as the active material for the majority
of the detector sensors. By using Silicon as active material, there will be two significant
improvements over the present calorimeter system [21]:

* Silicon is more tolerant to high radiations, hence more suitable for the harsh envi-
ronment at the HL-LHC.

* Silicon will also provide fast signals allowing for high precision time measurements
of energy depositions which will in turn help in effectively dealing with high num-
ber of pile-up interactions.
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Figure 3.5: Schematic overview of the HGCAL detector.

The HGCAL comprises an electromagnetic compartment (CE-E) with 28 sampling
layers with silicon as the active material. The CE-E will have a total depth of 25 radiation
length (~ 25Xp) or 1.3 nuclear interaction lengths (1.3A;,;). The Hadronic section of HG-
CAL will have a total of 22 sampling layers, with the front region sensors having silicon
as active material due to exposure to high radiation, while the back section comprises
scintillator tiles since the backend region is exposed to low radiation compared to CE-E
and the front part of CE-H. The CE-H has a total depth corresponding to 8.5, refer to
[1] for a more detailed discussion on the HGCAL design. Fig. 3.5 shows the schematic
view of the HGCAL and its positioning in the CMS.

For the construction of the final HGCAL, 8 silicon modules will be used, but for
the HGCAL prototype used in 2018 test beam experiment (prototype used for our study),
the building block was a 6” hexagonal silicon module equipped with 4 SKIROC2-CMS
readout chips. Section below discusses the 2018 HGCAL prototype construction along
with the construction of 6” silicon modules.

3.2.2 Test Beam 2018 experimental setup

The CMS group has been testing various prototype designs of the HGCAL calorimeter
in beam test experiments using single-particle high energy beams at CERN, DESY &
Fermilab. One such beam test experiment at the H2 CERN beamline was set up to test the
performance of an HGCAL prototype. This prototype was assembled using 94 6” silicon
modules with an electromagnetic and a hadronic section. It was placed in the H2 beamline
of SPS CERN to irradiate the prototype to high-energy positron, pion, and muon beams of
varying momenta. Fig. 3.6 shows the 2018 H2 beamline setup equipped with the HGCAL

~2.3m
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prototype. Three different setup configurations for CE-E and CE-H were tried and tested
in this 3-week test beam run in October 2018. In this thesis, we will be focussing on the
performance of the HGCAL prototype in configuration 1.

Figure 3.6: The detector setup for 2018 beam test experiment. Different compartments
have been indicated with the different colour boxes and the beam enters the detector
setup from the left.

3.2.3 HGCAL prototype construction

In this section we will have a look at the construction of different section of the HGCAL
prototype [ 1] along with their properties.

Electromagnetic section prototype design (CE-E)

For CE-E prototype the modules were mounted in cassettes with two sensors per cassette,
one on each side separated by a 6mm thick copper cooling plate and at the end of each
cassette follows a 4.9mm thick Pb absorbers covered with steel plates shown in fig 3.7
(right).

Aluminium frame + Mylar® sheet

5mm

5.5 mm Lead absorber clad with steel plates

Figure 3.7: Figure on the left shows one mini-cassette built with single silicon sensor
module each side of the cassette (only one is visible in this image). Right image shows
schematic diagram of cross-sectional view for a mini-cassette with physical lengths
shown in the image [1].

The CE-E prototype will have a total of 14 such cassettes each having 2 silicon mod-
ules placed face to face in total having 28 Silicon sensors each defining a sampling layer
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in CE-E. Fig 3.7 shows a mini cassettes with two silicon sensors attached on eider sides.
The total depth of CE-E prototype corresponds to ~ 27X, or ~ 1.4A;,;. The CE-E pro-
totype covers a cross-sectional area of 12 x 14cm? restricted by the dimensions of the
silicon sensor.

In configuration 1 the first 24 layers has a 300um thick silicon sensor with only the last
two layers built with 200um thick silicon.

Hadronic Section prototype design (CE-H)

CE-H was further subdivided into two section, the first section (Si-CE-H) corresponds to
the high radiation region of CE-H having silicon as active material and the later section
(AHCAL) corresponds to comparatively lower radiation region made up of scintallators.

Si-CE-H

Instead of single-single modules per layer, in Si-CE-H the first 9 layers out of 12 were
made up of 7 silicon sensors arranged in a daisy like structure (shown in Fig. 3.8) this
was done in order to increase the transverse coverage to capture the hadronic showers.
The last 3 layers of CE-H has single modules placed just like in CE-E. All the modules
are placed on 6mm thick Cu cooling plates with each module formed using 300um thick
silicon wafers except two modules which have 200um thick silicon sensors placed in
layer 5 and layer layer 6 of CE-H. The total depth of CE-H corresponds to ~ 3.4;,,.

Figure 3.8: An image of CE-H layer with seven modules arranged in daisy like struc-
ture as shown in the left image. Right image shows the back-side of the layer with cool-
ing pipes visible.
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Figure 3.9: A close-up view of CALICE AHCAL engineering prototype is shown in the
left image. On the the right, the tiles mounted on SiPM is shown with tiles wrapped and
unwrapped along with SiPM in the middle.

AHCAL

At the end of Si-CE-H an AHCAL prototype is placed with a total of 39 sampling layers
alternately placed between 17.7 mm thick steel absorbers. Each of these layers of AHCAL
has 144 rectangular shaped scintillator having dimensions of 3cm X 3cm X 3mm. Each
of these tiles are equipped with on-tile silicon photomultipliers (SiPM) for readouts. The
AHCAL prototype used has a total of ~ 2200 sintillator channels giving a total depth of
~ 4.5, combined with CE-H giving a total depth of ~ 9.6A;,,.

Fig. 3.6 shows the complete setup used in 2018 Beam Test with all the section (CE-E,
CE-H and AHCAL marked) and Fig. 3.10 pictorially shows the config 1 setup of the

HGCAL prototype.
CE-H prototype: CALICE AHCAL prototype:
9 layers with 7 Si modules 39 layers of 576 scintillator tiles
followed by 4 )\]
CE-E prototype: 3 layers with 1 Si module
28 Si modules 33X,,35\
26 X, 1.3\
CE-H
Electron => CE-E .
[20,300 GeV ,
Pion =>
[20,300 GeV] "
Muon =>
200 GeV
HGCal Prototype

Figure 3.10: Pictorial reprentation of HGCAI protype

The building block of CE-E and Si-CE-H are the 6” silicon modules. In the section
below the construction of these modules is discussed in detail.
6” Silicon prototype modules

The calorimeter shown in Fig. 3.5 is a 50 layered High granularity calorimeter with more
than 6 x 10° channels. The calorimeter will be made up of silicon modules with a silicon
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sensor, readout electronics, and an absorber plate (Pb & Cu as main absorbers in CE-E and
steel as the main absorber) as its main components. The silicon sensors are subdivided
into hexagonal cells with an area of ~ 1.1cm?. CE-E and the front region of CE-H will
be fully assembled using these silicon modules. And for later region plastic scintillator
tiles were used along with on-tile silicon photomultipliers (SiPM) for readouts. The full
calorimeter will be inside a cold volume kept at -30°C to reduce the dark currents in the
silicon sensors and the SiPMs

Several quality tests were carried out with different prototypes of silicon modules
arranged in various configurations in order to validate the performance of a silicon-based
calorimeter. Our whole study is based on one such HGCAL prototype, which is discussed
in more detail in the next section.

Our studies and analyis were based on a two-week beam test that was carried in oc-
tober 2018 at the H2 beam line of the cern Super Proton Synchrotron (SPS). The H2
beamline was equipped with a HGCAL prototype having 94 6” silicon prototype mod-
ules, each equipped with 4 SKIROC2-CMS ASICs done in order to reduce the distance
travelled by the signal from sensor to ASICs and hence to reduce the overall noise in the
signal [11]. In the section below construction of these 6 silicon module is discussed and
how they are assembled in the HGCAL prototype [ |]. In chapter 4, calibrations performed
for the assurance of the quality output response from the ASICs is discussed.

Prototype 6” silicon module construction

The silicon modules of the HGCAL prototype tested in 2018 follow a multi-layered struc-
ture, with each layer epoxied together using araldite epoxy layers in between. There were
4 main layers used for the assembly of the prototype modules, these were:

* A baseplate: which sits at the lowest end of the module and gives mechanical
support and also helps with the heat transfer from the module to the cooling layers.
The thickness of the baseplate is optimized to 100um. The CE-H baseplate is made
of Cu, while the CE-E baseplate is made of copper-tungsten, which has higher
density and hence makes the calorimeter more compact.

| baseplate

- Cuw
 Cu

Figure 3.11: Baseplate used for construction of Silicon sensor module

* Kapton sheet plated with gold: provides insulation to the silicon sensor from the
baseplate, and also provides a bias connection to the silicon sensor via the gold
plating.
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- Gold plated

Figure 3.12: Kapton used for construction of Silicon sensor module

* Silicon wafer: A 6” p-n silicon wafer operating in reverse bias was used as the base
for the silicon module. p-on-n type silicon wafer was selected on the basis of studies
done to check radiation hardness of different types of silicon sensors. All the silicon
modules were segmented into a total of 135 cells. Out of total 94 silicon sensors
produced, 90 were made with 300um depletion zone thickness and 4 were made
with 200um thick depletion zone with a total silicon sensor thickness of 300um.
On a given cell out of 135 cells 107 cells were complete hexagonal shaped with area
~ 1.1cm?and rest were partial hexagons. 128 channels were formed from these 107
full hexagonal cells and rest from merging of the partial hexagons and are used for
energy measurement in silicon sensors. Each of these channels are connected to
the front end electronics where the signal is digitized by 4 SKIROC2-CMS readout
chips.

12.5cm\@

Calibration Cells Outer calibration cell 44

114::{'7

Figure 3.13: p-n type silicon wafer used for construction of Silicon sensor module

* Printed circuit board: The thickness of the PCB is 1.3mm. It holds four SKIROC2-
CMS ASICs and contains stepped holes where wire bonds are attached. The wire
bonds connect the silicon sensor cells with the PCB and the ground pads (Gnd) with
the guard rings on the silicon sensor. They also connect the sensor bias voltage on
the PCB with the gold layer of the Kapton sheet.
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Figure 3.14: PCB with 4 SKIROC2-CMS readout chips along with other front-end elec-
tronics

Arrangement of these layers to form a silicon modules is shown in Fig. 3.15.

PCB

—>
Araldite Epoxy Layer é
_>

Silicon

Araldite Epoxy Layer
Kapton foil plated

Araldite Epoxy Layer —) v.‘
Baseplate %

Figure 3.15: Different layers arrangement in a Silicon module

SKIROC2-CMS readout chip

The SKIROC2-CMS [10] chip was an upgrade to the SKIROC?2 readout chip that were
used in the silicon modules tested in 2016. For each channel SKIROC2-CMS readout
chip offers a low-noise charge sensitive preamplifier followed by two pulse shapers of
different gains, called High-Gain (HG) and Low-Gain (LG). The task of the preamplifier
is to simply increase the order of magnitude of the signal while retaining its shape without
distortion. To do so, a low noise preamplifier design is important. Pulse shaper transforms
the amplified narrow signal from sensor to a broader output with a rounded maximum,
whose maximum height is directly related to the peak height of the input signal. This
is to ensure that the output pulse is wide enough to match the measurement time. Pulse
shapers can also add in additional stages of amplification while shaping the input signal
(HG & LG in HGCAL) .

The HG was built to measure small energy deposition in the silicon, corresponding to
~2fCto 150fC, whereas LG can measure energy deposition in the silicon, corresponding
to ~ 100fC to 900fC. And for higher charge deposits greater than 900 fC ToT is used
which gives a response directly proportional to energy deposits [!].

The shaped pulse from HG and LG stage is sampled in 13 deep switched capacitor-
array (SCA). The charge stored in these 13 SCAs from two gain stages is passed to 12-bit
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Wilkinson analog to digital converter for digitization of the signal as the trigger system
is activated and this digitized signal in terms of different ADC counts ( HG, LG & ToT
ADC counts) got stored. Fig. 3.16 shows the different stages in the readout of signal in
SKIROC2-CMS chip & Fig. 3.17 shows the circuit diagram of the SKIROC2-CMS chip.

Serial capacitor
Pre-Amplifier P‘:::rh:gr - . array ADC | output
13 SCAs
L TOT I

Figure 3.16: Signal flow of the SKIROC2-CMS readout chip

The main upgrade to the old SKIROC2 readout chip was the addition of new ToT
circuit to measure high charge deposits (~ 900fC to 10pC range). One of the biggest
advantage of using SKIROC2-CMS over SKIROC?2 readout chip is the coverage of large
dynamic range by the SKIROC2-CMS by combining the HG, LG and ToT.

Slow Shaper
o

ast aper as|
I o ToA (1)
ToA (2)
Tigext

Figure 3.17: Circuit diagram of the SKIROC2-CMS readout chip



Chapter 4

Channel-to-channel response
equalization and gain linearization

The final HGCAL detector will have approximately 6M channels, signal from each of
which will be independently readout, digitized and reconstructed. In an ideal scenario,
all these channels are expected to be identical and give a similar response for a given
input signal. However, due to variations in manufacturing processes, non-uniformity in
silicon wafers, non-uniformity in depletion regions, variations in shaping and integrating
components of electronic circuitry, etc., the response of channels is not identical. As seen
in chapter 2, the energies deposited by high energy particles like e*, photons, and hadrons
are shared, via showering, among neighboring channels of the same layers and across the
depth of the detector. This means, to get the best measurement of energies deposited by
an incident particle in the detector, each of these channels has to be individually calibrated
to given input energy. Or in other words, how many ADC counts correspond to a given
charge in the sensor channel, which is to be converted to the units of energy.

There are two steps for calibrating the response of silicon sensors. In the first step,
inter-channel response is equalized by using high energy muon beams (180 GeV), and
is described in section 4.1. In the second step, inter-gain calibration to convert LG and
ToT counts to HG counts (and finally to MIP units using inter-channel response equaliza-
tion constant) is done using charge injection technique facilitated by the functionalities
available with the SKIROC-CMS chips. The inter-gain calibration is detailed in section
4.2.

4.1 Channel-to-channel response equalization

Channel-to-channel response equalization [!] is done to achieve uniformity in the re-
sponse by accounting for variation in the depleted thickness of the silicon sensors and any
variations in the response of electronic gains. As discussed in the previous chapter, the
muons are minimum ionizing particles over a wide range of energies. So, these could be
used for getting the calibration factors for converting ADC counts to energy in units of
number of MIPs. A minimum ionizing particle passing through silicon sensors undergoes
ionization interactions with the silicon atoms and creates electron-hole pairs, which de-
fine our signal from the sensors. The energy deposited by muons is measured with high
precision using the High Gain stage and corresponds to HG ADC counts or HG counts.
The distribution of the energy deposited by an ionizing charged particle passing through

27
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a silicon cell approximately follows a Landau function, Fig. 4.1 shows energy spectrum
in terms of HG ADC counts for a 300 pm thick sensor. The most probable value of the
Landau distribution formed is expected to be around 57 keV and 86 keV for 200 um and
300 um thick sensors respectively, for normal incidence [!].
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Figure 4.1: The energy spectrum of reconstructed ADC counts in high gain for an read-
out channel due to incident 200 GeV/c muons. MIP-selected spectra were normalized to
unity integral. The shown raw spectra were scaled accordingly [1] .

For this purpose, a MIP-like particle beam like muon beam is used for this step of
calibration which obtains the MIP calibration parameter Cy;p, 1.e., the number of HG
counts per MIP for each channel of all silicon sensors used. This step is also referred to
as the MIP calibration. The Cyyp is extracted as the most probable value of muon energy
spectrum by fitting it with a convolution of Gaussian and Landau function. In this way,
the variation from channel to channel is taken away through MIP calibration constants as
it is independently obtained for each channel. Fig. 4.2 displays a 200GeV/c muon event
from 2018 beam test passing through the HGCAL prototype.

Figure 4.2: 200GeV/C muon event display from 2018 beam test passing through the
HGCAL prototype [!].
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4.2 Intergain Calibration

The SKiROC2-CMS ASIC chip used in the construction of the CE prototype provides
three different gain stages for the output, High Gain (HG), Low Gain (LG) & Time over
Threshold (ToT). These gain stages perform optimally in specific energy ranges 200 fC for
HG, 600 fC for LG, and above 600 fC for ToT. Now, energy signals from these three gain
stages are combined to cover an extensive dynamic range. Here the LG and ToT counts
are expressed in HG counts, and finally, all three outputs are converted into the units of
number of MIPs as per Eqn 4.1. This calibration step is called inter-gain calibration,
also called gain linearization calibration. With the digitized signal measured by HG, LG,
and ToT stages expressed as the number of MIPs and inter-channel response equalized,
the signal measured from different channels corresponding to a particle shower could be
added to reconstruct the original energy of the particle.

For the 2018 prototype modules, two different methods are used for inter-gain cali-
bration of silicon cells, namely, using 280 GeV positron beam data and charge injection
data. In the following, I will summarize the calibration using these two methods.

4.2.1 Intergain calibration using positron data (TB_Calib )

The data collected with 280 GeV positron beams are used for intergain calibration. Since
the intergain calibration is required to make the ADC output of all the three gain stages
to the same scale, a high-energy incident beam was used to ensure sufficient data for ToT
calibration [ 1] . The ToT is designed to be operated in the region of high charge production
in a silicon sensor. The electromagnetic showers generated by 280 GeV positrons allow
us to study all three stages and intercalibrate these. The key feature of this procedure is
that this version of the SKIROC chip provided a good overlap region between the HG-
LG and LG-ToT gain stages, allowing the translation from one to another possible, also
providing an alternate check with beam data to validate the calibration procedure using
the charge injection method.

Fig. 4.3 (left) and Fig. 4.3 (right) show the distribution of HG vs LG and LG vs ToT
obtained using the 280 GeV positron data. Spline fitting is performed on both HG vs LG
and LG vs ToT curves to find a correlation between the respective two measurements for
each event. Using the information of first and second derivatives of the spline fits, linear
ranges for correlations between HG and LG amplitudes, and LG and ToT amplitude. A
linear fit is then performed on these ranges giving the inter-conversion factors from LG to
HG and ToT to LG (which in turn uses LG to HG conversion constant to convert ToT to
HG).

Fig. 4.3 also shows the common linear range between HG and LG, and LG and ToT
for a channel of a CE-E prototype module from 280 GeV electromagnetic shower data.
The HG saturates when the injected charge is larger than a threshold, and LG measure-
ments need to be used beyond it. A deviation of 3% from linearity is set as a threshold for
defining HG saturation level.
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Figure 4.3: The high-gain amplitude as a function of the low-gain amplitude (left) in a
CE-E prototype channel from 280 GeV electromagnetic shower data and the low-gain

amplitude as a function the ToT (right) from the same channel. On the latter, the inter-

cept between the dashed orange line and the x-axis defines the ToT offset.

A similar procedure is also used to find the LG saturation threshold beyond which
ToT measurement should be used. Slopes were extracted from the straight-line fits as
conversion factors between these gain stages to find HG equivalents of LG and ToT. For
ToT, an additional term ToT, sy is also calculated to take into account the insensitivity
of ToT at very low charges. Finally, HG ADC counts are converted into MIP equivalents
using the channel-to-channel response equalization constants. Finally, when using this
inter-calibration method, the deposited energy in a silicon cell is given by:

Enc = Cyuip-AouG yif Ao < HGyy
E=< E;G=Cumip-ChHL Ao1G yif Ao > HGgy and Ag 16 < LGy
Eror = Cpmip-Cur - Crr - (ToT —ToT, fset) ,otherwise
“4.1)

where Ag g, Ao g & ToT are the respective HG ADC counts, LG ADC counts and
ToT, Cyyp, CHr, Crr, ToT, f5er are high-gain to MIP, low-gain to high-gain, ToT to low-
gain conversion factor, and ToT offset, respectively & the HGy,;; and LGy, are the high
gain saturation and low gain saturation points respectively.

4.2.2 Performance check

In 2018 Test Beam experiment, the CE-E prototype is irradiated with positron beams of
10 energy points ranging from 20GeV — 300GeV . Final energies of positrons in CE-E are
reconstructed in MIP units for these beam energies using the response equalization and
gain linearization constants obtained using beam test data or charge injection data. The
performance of energy measured is passed in terms of response linearity (or linearity) and
resolution, as described below.
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Linearity & Resolution

Distributions of energies measured in terms of MIP units for a few representative beam
energy points are shown in Fig. 4.4. Because of stochastic fluctuations inherent to the
showering processes, imperfections in calibration processes, and noise, measured energies
are distributed around an average value even for a mono-energetic beam of positrons. The
distribution is close to a Gaussian with low energy tails mainly attributed to particles
which have undergone some interactions before entering the detector. The response of
positrons is expected to be linear i.e. total energy measured is directly proportional to the
incident beam energy since almost all energy is covered to visible shower particles (e™*
and 7) in electromagnetic showers.
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Figure 4.4: Distribution of measured energies in units of MIPs for four different energy
beams for TB_calib with the Fitted Gaussian function

Now, these energy distributions are fitted with a gaussian function within a range of
+1.5 standard deviation around the mean, and the range is updated after the first fit. The
fitted distributions along with parameters are shown in Fig. 4.5. The fitted gaussian mean
u and variance o are used to define response linearity and resolution.
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Figure 4.5: Distributions of measured energies (in units of MIPs) for 8 different
positron beams for TB_calib along with fitted gaussian distributions.
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The mean measured energy in units of number of MIPs as a function of beam energy
is shown in Fig. 4.6 (top left). This is linearly increasing and is fitted with a straight line
to obtain slope m. For checking the energy response linearity, we calculate the relative
difference of the reconstructed positron energy with respect to the positron beam energy,
where measured energies have been scaled by the factor m. So, response linearity is then
presented in Fig. 4.6 (top right) and is defined as:

E
< m > —Epeam 4.2)

Ebeam

where, E is the reconstructed energy in MIPs & Ep,.,, is the positron beam energy
in MIPs after subtracting the energy losses induced due to Synchrotron Radiation (SR)
losses in case of positrons. The final fitted energy response for all the positron beam
energies and the response linearity is shown in Fig. 4.6.

Energy resolution determines the capability of the detector to distinguish particles
with different energies and is expressed as a percent of the incoming beam energy. It is

defined as:
OE

E
where of is obtained using Gaussian fit as described above. The relative resolution of
positrons as a function of beam energy is shown in Fig. 4.6 (bottom).
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Figure 4.6: Performance summary of TB Calib

With this method, a total of 17% of HGCAL prototype silicon cells are fully cal-
ibrated, i.e., for all three gain stages, while the HG-LG inter-calibration could be per-
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formed for a much larger fraction of channels. This is because the channels situated away
from the shower axis or in the layer away from shower maxima do not receive enough
energy to fire the ToT sufficiently to be calibrated.

This is illustrated in Fig. 4.7, which shows ToT pedestal values obtained via this
method. From the plots, we can see that majority of the channels connected to the same
ASIC have the exact same values. This is because for these channels, a full calibration
was unable to be performed using TB_Calib, and a chip average is used for these channels.
From Fig. 4.7, it is also clear that for starting layers (e.g. layer 02 : module 90) and for
later layers (e.g. layer 16 : module 87), the number of averaged entries is higher for near
shower maxima layers (e.g. layer 7 : module 84 & layer 9 : module 69).
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Figure 4.7: ToT pedestal values for all channels of a given module as obtained using TB

data method, described above as TB_calib.
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Figure 4.8: The yellow-coloured cells show the location of silicon cells that were fully
calibrated using data-driven method. The cells lie almost near the center of the layer in
both CE-E and CE-H prototype where the core of the shower deposits its energy.

Fig. 4.8 highlights the channels that have been fully calibrated using the data-driven
method in CE-E and CE-H. With the final CE design having roughly 6 million channels,
data-driven calibration will not be possible for a majority of the channels. Also, in the final
chip to be used in the final HGCAL design, there may not be much overlap in different
gain stages. The charge injection method provides an alternative approach to linearize the
output of different gain stages which is discussed in next section [ | &].
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4.2.3 Intergain Calibration using Charge Injection data (CI _Prelim)

The inter-gain calibration parameters can not be achieved for all the channels using the
test beam data driven method or later with the collision data in the early phase of oper-
ations. Also, the new ASIC chips to be used in the final HGCAL setup will not have an
overlap in different gain stages. Therefore, an alternative method is also tested for in-
tergain calibration for all the channels independently. This method is based on injecting
controlled known charge directly into all the channels of SKIROC2-CMS-ASICs.

The data is taken in the form of runs. In each run, 1000 events of increasing charge
values are injected (in DAC inputs), and the corresponding digitized HG, LG, and ToT
values are measured and stored for further analysis. Typical HG, LG, and ToT outputs of
a single run of 1000 events for a cell are shown in Fig. 4.9.
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Figure 4.9: Output of a charge injection run for a single readout channel (cell).Here x-
axis has been converted in fC.

Preliminary procedure for charge injection calibration method
Intergain calibration using Charge Injection method is carried out in two steps [!].

» Step 1:- Fitting the output (HG, LG and ToT) to find the intergain conversion
factors.

* Step 2:- Finding the saturation points for HG and LG to accurately determine the
gain switch points whenever a gain stage hits saturation.

So, the first step of calibration corresponds to fitting the outputs to find the linear
regions (marked by dashed lines as shown in Fig. 4.10). Slopes of the fitted functions
give us the desired intergain conversion factors. For HG and LG outputs equation of the
form

Y(x)=m-x (4.4)
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was used to fit an approximate linear range for both HG & LG where, x is the input
charge signal, m is the free variable for fit which will finally give us the conversion factors
& Y (x) is the corresponding HG/LG output.

For ToT a more complex function is used for fitting in order to fit ToT over the full
energy range. For ToT function of the form Eqn 4.5 is used.

7if X < ToTipyes

ToT = c . (4.5)
PO+ X P1— @1, — ,otherwise

Three different functions have been clubbed together in order to fit the full ToT. The
first part pg is the pedestal value, p; - x corresponds to the linear fit of the ToT, and the last
term represents the non linearity in ToT.

An important step is to accurately find the saturation levels for HG and LG. This
is done by iteratively searching for injected charge value for which the gain output under
consideration shows significant negative onesided deviation (3%) between actual data and
fitted function, in the Fig. 4.10 , HG,, and LGy, levels are marked by black and blue
vertical lines respectively.
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Figure 4.10: Charge injection calibration plot for channel 14 of chip 0 of layer 9 in CE-
E. Here x-axis has been converted in number of MIPs.

Once the calibration is performed for all the channels of CE prototype the HG energy
contribution and LG contribution is reconstructed for different positron beams as per Eqn
4.1 and for ToT energy contribution the full ToT function eq 4.5 is inverted using a binary
search algorithm [14] to find the MIP equivalent of the ToT. The performance is discussed
in sec 4.2.3. The calibration parameters obtained for some of the channels are shown in

Fig. 4.11 & Fig. 4.12.
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Figure 4.11: The Calibration parameters for CI_Prelim for layer 11 : module 76.
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the

positron energy is reconstructed for all beam energies, and response and resolution are
defined in a similar way as described in section 4.2.2. Distributions of energies recon-
structed in the units of a number of MIPs, fitted with Gaussian function, are shown in Fig.

4.13.

The response linearity and resolution as a function of beam energies are summarized
in Fig. 4.14. The results are also compared with the calibration obtained using 280 GeV
positron beam data described in the previous section. We observe that using CI_Prelim
results in an overall higher value of resolution with respect to that obtained using TB_-
Calib, and it gets worse at higher energies as shown in Fig. 4.14 (right) showing ratios of

resolutions of CI_Prelim to TB_Calib are plotted with respect to the beam energies.

The linearity is roughly within 2% variation range same as that for TB_Calib but a
decreasing trend in linearity from energy range [50GeV,300GeV] as a function of beam
energy observed when response is calculated using CI_Prelim calibrations.



40CHAPTER 4. CHANNEL-TO-CHANNEL RESPONSE EQUALIZATION AND GAIN LINEARIZA

Entries

Entries

Entries

Entries

- + - +
CMS Preliminary 20 GeV/c, " beam CMS Preliminary 50 GeV/c, e" beam
I CI_Prelim 8 f CI_Prelim
1000H Entries 28745 = 5000; Entries 100912
H Mean 1857 w H Mean 4699
M StdDev 1185 70000 StdDev 199.2
M %2/ ndf 4879146 [ %/ ndf 2324117
aooi Constant 689.2+ 6.1 60001 Constant 5783+ 275
| Mean 1865+ 08 H Mean 4706+ 0.7
|| sigma 91.99 +0.99 [] Sigma 153.24 0.9
6001 so00)=——
H 4000~
400(— F
L 3000—
F 2000
200(— F
i 1000~
FUNTT APUSI B A NI A A, S S AT Covo o b by Ly I NI .
gOO 1000 1200 1400 1600 1800 2000 2200 2400 2600 28C 2%00 2500 3000 3500 4000 4500 5000 5500 60C
Energy sum in CE-E [MIPs] Energy sum in CE-E [MIPs]
- + . +
CMS Preliminary 80 GeV/c, e" beam CMS Preliminary 120 GeV/c, e" beam
9000f CI_Prelim 8 s000f] CI_Prelim
H Entries 110495 £ [ Entries 58570
8000 Mean 7450 w [| Mean 1.103e404
[ stdDev 2358 H stdDev 3225
70005 %2/ ndf 22.12/19 40001 42/ ngt 1071717
[l Constant 6058+ 26.9 [| constant 3425+ 21.1
6000[ Mean 7485+ 0.9 H Mean  1.103e+04 + 1.617e400
H Sigma 2045+ 1.1 [l Sigma 267 £2.0
E 3000 """
5000 L
4000~ L
F 2000—
3000~ i
2000— r
F 1000—
1000~ r
(NN NS SRR RN | [EEERERRREL SR N Lo b o v 1™l L
4%00 4500 5000 5500 6000 6500 7000 7500 8000 8500 90C 7%00 8000 9000 10000 11000 12000 13000 1400
Energy sum in CE-E [MIPs] Energy sum in CE-E [MIPs]
. + i +
CMS Preliminary 150 GeV/c, e" beam CMS Preliminary 200 GeV/c, e" beam
[ - » i
90001 Gl Prelim Qsopoff  CPrem |
[ Entries 103190 £ H Entries 55353
A w H
8000[] Mean 1.366e+04 I Mean 1.798e+04
[ stdDev 348.4 [| staDev 4002
70005 21 naf 1771017 4000} 727 ndf 14.25/16
[] Constant 6214 + 286 [] Constant 3494+ 218
60001 Mean  1.367e404 + 1.330e400 [| Mean 1799404 + 22306400
H sigma 208417 H sigma 361.9+28
F 3000
5000[— r
4000(— L
E 2000—
3000/~ L
2000~ 1000l
1000~ r
SN N N | NI I O AT A I T P | RN NEREL SRR SN ENI R
9%00 10000 11000 12000 13000 14000 15000 16000 170t 1g000 13000 14000 15000 16000 17000 18000 19000 20000 21000 220!
Energy sum in CE-E [MIPs] Energy sum in CE-E [MIPs]
. + i +
CMS Preliminary 250 GeV/c, e” beam CMS Preliminary 300 GeV/c, e” beam
i CI_Prelim _§ soofl CI_Prelim
[l Entries 43840 £ H Entries 7996
4000 jean 2216404 w [ Mean 2612404
H stdDev 4815 sool] Ste0ev 5509
35001 42/ nat 13.17/14 H 42/ nat 15.41/21
[l Constant 3014+ 21.4 [| Constant 4056+ 6.6
3000 Mean  2.211e+04 £ 3.051e400 a00f] Mo 261264042 88250400
N sigma 4306+ 39 [l sigma 5486+ 112
2500 L
E 300—
2000~ F
15001~ 200(—
1000~ +
E 100—
500 [
Co v o bl by by Ly IR R SN A R N . = NN RATERE
16000 18000 20000 22000 24000 26000 2801 28000 22000 24000 26000 28000 30000 3201
Energy sum in CE-E [MIPs] Energy sum in CE-E [MIPs]

Figure 4.13: Energy response distribution for 8 positron energy beams for CI_Prelim
with fitted Gaussian distributions.



4.2. INTERGAIN CALIBRATION 41

~ 30000

—a&— TB_Calib_Energy

Linearity

—a&— TB_Calib_Energy

—a»— Cl_prelim

25000 —se— cI_prelim

20000

=)

15000

VLT IGLUIRU UL LTy [vin

\‘\,’_4

-0.02
10000 -0.04

s Measured Energy . .
-0.08 Linearity
5000 ~0.08

|

DAL L T L L B L

L L L e L L
50 100 150 200 250 300
Beam Energy [GeV]

o

P N R T S S AR
50 100 150 200

.8H —%— Cl_prelim

1.6

|
o
Py

L L
250 300
Beam Energy [GeV]

©F,

=4

1=}

13
[N

—&— TB_Calib_Energy

Resolution
o
o
153
a

©

—a— Cl_prelim

=t
=)
5]

0.045 14

Resolution ratio w.r.t TB

0.0

P

1.2

- E %
0.035 Resolution e
0.03 0.8~
0.025 0.6 ) ) .
F Resolution ratio w.r.t TB_Calib
0.02 0.4
0.015 0.2f—
0.0 PR A RPN AR L of L I AR PR A AR
) 50 100 150 200 250 300 0 50 100 150 200 25 300
Beam Energy [GeV] Beam Energy [GeV]

Figure 4.14: Performance summary of CI_Prelim.

The results above shows that the low level calibration of different gain stages is very
important for getting the best performance of the CE-E for measuring electromagnetic
showers created by positrons. With results using the beam dataset as benchmark, there is
a lot of room for improving the charge injection calibration procedure.

In order to investigate further, we looked at distributions of energies reconstructed for
individual cells of a given module for different positron energies as shown in Fig. 4.15
& Fig. 4.16. These are inclusive over all cells of a given module but not summed up
(i.e. histograms are filled multiple times for each event). The distributions correspond-
ing to reconstruction with the two intergain calibrations are presented for the purpose of
comparisons : TB_Calib & CI_Prelim.

Observations from reconstructed hit spectrums of CI_Prelim.

* In most of the modules, the CI_Prelim calibrations result in smaller energy recon-
struction on higher end of the spectrum. This under reconstruction of energy could
also explain the lower energy response as observed in Fig. 4.14 (upper right figure)
with respect to TB_Calib.

* This difference in entries in tail sides is also reflected near the LG to ToT transition
regions resulting in change of dip (which was there in TB_Calib) to a hump (now
in CI_Prelim), for e.g refer to layer 09 & layer 11 in Fig. 4.15 & Fig. 4.16.

* Insome layers, dip already present in TB_Calib spectrum got enhanced in CI_Prelim
spectrum, for e.g refer to layer 07 in Fig. 4.15 & Fig. 4.16.

* In some layers new dips were introduced in CI_Prelim rechit spectrums which were
absent for TB_Calib. for e.g refer to layer 16 in Fig. 4.16.
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Figure 4.15: Rechit energy spectrum comparison of CI_Prelim wit TB_Calib for some

layers of CE-E for 150GeV.
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Figure 4.16: Rechit energy spectrum comparison of CI_Prelim wit TB_Calib for some

layers of CE-E for 300GeV.
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So, apart from worst performance in resolution and linearity (Fig. 4.14) we also ob-
serve unphysical features in rechit spectra which are expected to be smoothly falling (Fig.
4.15 & Fig. 4.16). The only advantage of CI_Prelim over TB_Calib is that using CI_Pre-
lim a total of 98% channels were fully calibrated as compared to 17% in using TB_Calib.
Due to these reasons CI_Prelim machinery needs refinement so that if not all, some of
these problems can be sorted.

Based on these observations, we tried to improve a few aspects of charge injection
calibration.

* As discussed in section 4.2.3, CI_Prelim uses onesided negative deviation for find-
ing HGgs,; & LGg,. Now, onesided deviation allows a small non linear region in LG
to contribute to total linear region and finally contribute in energy reconstruction as
shown in Fig. 4.17. So, this non-linear LG part should be taken care of.

* The ToT energy contribution is calculated using a full ToT function and then in-
verting it using a binary algorithm where as in TB_Calib this is done by fitting a
straight line in LG/ToT linear region. A detailed study of this new method used in
CI_Prelim might also give some room for improvements.
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Figure 4.17: Calibration plot for one of the channel from CE-E showing non linear con-
tribution in linear region of LG.

The various methods and alternatives I tried to improve intergain calibrations using
charge injection data and performance with respect to preliminary results discussed here
as well as with TestBeam calibration results are presented in the next chapter.



Chapter 5

Intergain calibration using charge
injection method

In this section, I will be discussing the various methods tried for obtaining the intergain
calibrations for TB 2018 modules using charge injection procedure. For each version of
calibration coefficient and saturation threshold parameters obtained, the positron beam
data is reconstructed for all energies. Energy response and resolution are used to com-
pare the performance with the reconstruction using calibrations obtained with 280 GeV
positron data and preliminary calibration as described in the previous chapter. Since the
calibration derived from the TB data is applied to the same data itself, hence it is expected
to perform well, it serves as a good benchmark for performance, and the preliminary cal-
ibration using charge injection is a good reference to improve upon.

A summary of five variations tried in the intergain calibration using the charge injec-
tion is documented in this chapter, and listed below for a quick overview of the content
of this chapter. The methods 01-04 focuses more on finding improvements in thresholds
for switching to using higher gain stages (LG and ToT) while keeping the calibration co-
efficient determined from respective measurements. The method 05 is motivated by the
procedure used in TB_Calib version.

* CI Method 01 (Sec 5.1): In this version, we start with checking the effect of using
absolute deviation on the response linearity as opposed to only one-sided deviation
used in CI_Prelim version.

* CI Method 02 (Sec 5.2): In this version, the three components of ToT are analyzed
separately in order to set a threshold for allowed non-linearity in ToT using the
respective component of ToT function.

* CI Method 03 (Sec 5.3): For this version, an additional step was performed over CI
Method 02 in which the ToT linear part is refitted over a restricted range. That is
ToT—LG calibration coefficients are updated with respect to CI Method 02.

e CI Method 04 (Sec 5.4): This method is almost same as CI Method 03 with the
only changes in the non-linearity allowance for calculating ToT energy contribution
using the non-linear component of the ToT fit.

* CI Method 05 (Sec 5.5): This method is closest to TB_Calib machinery in which
ToT is fitted over the overlapping linear region with LG linear region.

45
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5.1 Charge Injection Method 01 (CI Method 01 )

As discussed in section 4.2.3, the CI_Prelim defines the HG and LG saturation threshold
(HGsy & LGy, respectively) when the ADC counts are small than what is expected
from a linear fit by 3%. This is as expected from the definition of gain saturation in any
measurement. However, we noticed that in many cases the deviation from straight line
was on the higher side resulting in a higher threshold where the switch should have been
made. This is illustrated in Fig. 5.1. So, to avoid that non-linearity, the criteria for finding
the saturation levels were updated from an one-sided deviation criteria to an absolute both

sided deviation criteria.

Cl Prelim Cl_Method 01
4500, 1y F' 1|||||w||vv|||||||/| 24500:'v|":"v!""v“""]‘v--';vv--'yv.""llv'~'v||,'vI:'
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Figure 5.1: LG saturation shift between CI_Prelim and CI Method O1 for a channel in
CE-E.

Fig 5.2 shows the updated LG saturation values as compared to the CI_Prelim version
for a few modules for which the changes observed were significant.

We reconstruct the energies using calibration coefficients and saturation thresholds
obtained using this charge injection version for all the positron beam energies. Distri-
butions of reconstructed energies along with Gaussian fits to the bulk are shown in Fig
5.3. Using the Gaussian fitted parameters ( and o,, the response linearity and the energy
resolution as a function of beam energy are shown in Fig 5.4 .
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Figure 5.3: Distributions of positron energies reconstructed with CI Method 01 along
with fitted Gaussian function for eight beam energies.
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Figure 5.4: Performance results for CI method 01

5.1.1 Discussion

We observe, in Fig. 5.4, that CI Method 01 has overall a higher value of resolution with
respect to both TB_Calib and CI_Prelim for almost all the positron beams. The resolution
is similar to CI_Prelim method at highest beam energies which is expected because our
method has not changed the calibration parameters pertinent to ToT much. This is also
visible from the rechit spectra shown in Fig. 5.5 and Fig. 5.6 for 150 GeV and 300 GeV
positrons. The CI_Prelim and CI Method 01 completely overlaps on higher energy part of
the spectrum. A few observations are:

* In most of the layers, the dip around 300-400 MIPs in CI_Prelim got shifted to a
lower level or the dip got flattens out for many layers with respect to CI_Prelim, as
observed in layers 7, 9 & 13 in Fig. 5.5 and Fig. 5.5.

* In few layers the use of absolute deviation criteria for saturation has resulted into
worsening of the CI_Prelim dip or appearance of new dip e.g. of such layers are
layer 2 in Fig. 5.5 and Fig. 5.6.

* The HG—LG dip in CI_Prelim was not present in any of the channel for CI Method 01.

The biggest drawback of this method could be lowering of LG—ToT switching thresh-
old. One has to be careful with this because the ToT is not designed to perform best at
lower energies. This may explain worsening of the resolution for intermediate positron
beam energies. However, this method does help in resolving or completely removing the
dip observed in reconstructed energies per cell around the regions of HG—LG switching.
But this improvement alone cannot justify the bad performance of the model in terms of
linearity and resolution, and hence, continue to investigate further.
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Figure 5.5: Rechit energy spectrum comparison of CI Method 01 with CI_Prelim and

TB_Calib for some layers of CE-E for 150GeV
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Figure 5.6: Rechit energy spectrum comparison of CI method 01 with CI_Prelim and

TB_Calib for some layers of CE-E for 300GeV.
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5.2 Charge Injection Method 02 (CI Method 02)

Using the CI Method 01, for almost all the channels the LG saturation levels shifted to a
much lower level, mostly starts overlapping with the non-linear contribution starts adding
into ToT region, which can account for some biasing in our final energy reconstruction.
One such channel is illustrated in Fig. 5.7. We do not want to introduce this feature
because ToT is not fully functional in this region. Instead, we decided to understand

features in the ToT measurements and fits in details.
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Figure 5.7: Calibration plot for a channel of CE-E showing non linear inclusion in ToT

linear part.
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Different components of ToT measurements

As explained in Section 4.2.3, the full function used for fitting a ToT measurement is
of the form:

0 Jif x<ToT,
ToT — . f ) thres (5.1)
Po+XP1— sa—por,— ,otherwise

From equation 5.1, we can see that full ToT function has two major components 707y,
and ToTyy;, such that:
TOTLin =X P1 (52)

and,
c

TolInLin = po— m (5.3)
where ToTy;, and ToTyp;, corresponds to the linear and non-linear regions respec-
tively. Fig. 5.8 shows calibration plots for two of the channels of layer 11 in which the
linear, constant, and non-linear components are separately drawn using the parameters
obtained by fitting the ToT spectrum with the full function. Fig. 5.9 shows a zoomed in
calibration plot for one of the channel along with the two components drawn separately.
From the zoomed in plot we can see that the ToTyy;, contribution just after low gain
saturates (~ 100Mips in Fig. 5.9 is very high.
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Figure 5.8: ToT different components for channel 28 of chip 00 (top) and channel 56 of
chip 00 (bottom) Layer 11.
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Figure 5.9: ToT different components

So, to take non-linearity of ToT into account, we set a threshold for LG saturation
such that contribution of non-linearity term of ToT is less than 4% of total. With this
criteria used as a threshold for LG—ToT switching, we update all the relevant calibration
parameters accordingly.

Fig. 5.10 shows the resonstructed energy distributions for some of the positron beams
reconstructed using CI Method 02.
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Figure 5.10: Distributions of positron energies reconstructed with CI Method 02 along
with fitted Gaussian function for eight beam energies.
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Figure 5.11: Performance results for CI Method 02

5.2.1 Discussion

Distributions of reconstructed energies for different positron beams are shown in Fig. 5.10
using inter-gain calibration parameter obtained with CI Method 02. Summary of response
linearity and resolution as a function of beam energy are shown in Fig. 5.11 along with
comparisons with respect to TB_Calib and CI_Prelim versions. Except in the intermediate
energies, the linear is worse as compared to CI_Prelim, and resolution in also slightly
worse as compared to CI_Prelim (and, hence also the TB_Calib version).

Fig. 5.12 and 5.13 compare rechit energy spectra corresponding CI Method 02, CI_-
Prelim & TB_Calib. The rechit energy distributions look similar for CI Method 02 and
CI_Prelim except that the HG—LG dip that was observed in CI_Prelim is now completely
resolved in CI Method 02, please refer to layers 11, 13 and 22 in Fig. 5.12 and 5.13. Also,
in some channels LG—ToT dip shows some improvements e.g layer 16 in Fig. 5.12 and
5.13. So, we continue with this approach and try to improve the calibrations further in the
next versions.
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Figure 5.12: Rechit energy spectrum comparison of CI Method 02 with CI_Prelim and

TB_Calib for some layers of CE-E for 150GeV.
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5.3 Charge Injection Method 03 ( CI Method 03 )

59

In this version of charge injection framework is an extension to CI Method 02 where
we applied a 4% ToT non-linearity contribution criteria to define LG saturation, and in
addition, we also recalculated the ToT—HG calibration coefficient. To update these co-
efficients, we refitted linear part of ToT function in the range [LGy, LGy + 50] where

LGy, 18 in MIP units.

Recall that in the previous methods, the full ToT function was inverted. Fig. 5.14 and
Fig. 5.15 shows the ToTCoeff and ToTPed from the refitted ToTy;, part for few of the
layers of CE-E along with ToTCoeff and ToTPed from CI_Prelim.

——s—— ToT coefficient C|_method_03
Module 77
C | —e—— ToT coefficient Cl_off
L .
r .
r .
.
o[-
_ - . -
~ a® -t . -
B P Y RIS TR
i - 4 - as
N
Wanss o O Y - W
1; - . .
L B
C . .
0.5— .
C .
N P I IR I IR AN AP R IR E
() 20 40 60 80 100 120 140 160 180 200
Channel index
——s—— ToT coefficient C|_method_03
Module 76
250 ToT coefficient CI_off
- - -
€ - ..
L . .
. .
- o, . - -
Ca' a L
150 Sere e :'.'.“ LR
2 % vy H 5
Ay Mo °~av-t.«p % Ceed
—.c ¢ h ~ e .%
" - H 3
L . .
[ -
05 .
ol b b b b L Lo b Lo Ly
(] 40 60 80 100 120 140 160 180 200
Channel index
——s—— ToT coefficient C|_method_03
Module 87
S ——e—— ToT coefficient CI_off
o
L .
. .
L o
1.5_—. N et .. .
i
L Se
0.5— . * N
ol b b b b b b b Lo 1
0 20 4 60 80 0 120 140 160 180 200

Channel index

ToT coefficient

ToT coefficient

ToT coefficient

——s—— ToT coefficient C|_method_03

Module 84
C ——=e—— ToT coefficient CI_off
o
1.5 o
[ "o * “w 2
ot o« % o a b tpay
. el A -
15“'.:# e “""W‘ “
phem Hpvorg?, .
- -
- qg 2o
- -
050 ﬁ"‘
- -
L .
ol by b b b Lo Lo b Lo Ly
0 20 40 80 100 120 140 160 180 200
Channel index
——s—— ToT coefficient C|_method_03
Module 70
250 . ToT icient CI_off
I
2 -~
L .
F . .
- - . -
1’5,_ * -
I ) v"\'.;ﬁ. o phh o *
[ ;-fo"":' 2 o o
d
% PN 22 e b B
* .
05 : .
P ARSI AR EENININ AEAIN EAAIN SPIRVIN PPRTRTEN EFRTRTEN EFRTIT B
0 60 80 100 120 140 160 180 200
Channel index
——=—— ToT coefficient C|_method_03
Module 36 - -
C —e—— ToT coefficient CI_off
C.e
- -
o[- .
= - .
C. . ada
L . .
1.5—
- ata -
e - '.:' eyt
8% - -, by L N .y
;‘."\.‘I‘ ': .‘- tue “' - .":".
11 2N Epatoniag B v ",
%, ' R . LX) ..
e N .
0.5—
ol b b b g Loy e b n b 1
0 20 40 60 120 140 160 180

‘200
Channel index

Figure 5.14: ToTCoeff summary for CI method 03 & comparaison with CI_Off
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Figure 5.15: ToTPed summary for CI method 03 & comparaison with CI_Off

Using the calibration values obtained using CI Method 03, energies were reconstructed
for different positron beams. Fig. 5.16 shows distributions of reconstructed energies for
different positron beams. The performance in terms of response linearity and energy
resolution for this version is shown in Fig. 5.17 along with the CI_Prelim results for
comparisons.
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Figure 5.16: Distributions of positron energies reconstructed with CI Method 03 along
with fitted Gaussian function for eight beam energies.
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Figure 5.17: Performance summary of CI Method 03

5.3.1 Discussion

Performance of CI Method 03, in terms of energy resolution, is observed to be the best
among all the intergain calibration methods considered so far. However, the CI Method 03
provides worst response linearity showing a trend of increasing deviation for higher en-
ergies. Since the response for CI Method 03 is lacking in performance for restoring the
linearity by a large margin, this can lead to high biasing in final reconstructed energies. As
the next step, we tried to play with the percentage contribution of non-linear component
of ToT assuming some flexibility may allow better performance.



5.4. CHARGE INJECTION METHOD 04 ( CI METHOD 04) 63

5.4 Charge Injection Method 04 ( CI Method 04)

In this version of charge injection framework, we tried a different ToT non-linear al-
lowance in LG linear region by setting the threshold to 7% non linearity in ToT to define
LG saturation switch. This was earlier discussed and set to 4% in sec. 5.2. Apart form
this we refitted the ToTy;, function (Eqn. 5.1) over range [LGqu, LGgor + 50], where LGy
is in the MIP units.
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Figure 5.18: LG saturation summary for CI method 04 & comparison with CI_Off

Summary plot for LG, ToTcoe s f,andToTp,q 1s shown in Fig. 5.18, Fig. 5.19 & 5.20
for layer 5, 7, 11 & 13 respectively.

As a part of the nominal checks, we reconstruct energies for positron beams using CI
Method 04 and compare the performance of this version with other versions. Fig. 5.21
shows reconstructed energy distributions for different beam energies for CI Method 04.

The energy response and resolution as a function of beam energies are shown in Fig.
5.22.
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Figure 5.19: ToTCoeft summary for CI method 04 & comparaison with CI_Off
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Figure 5.20: ToTPed summary for CI method 04 & comparaison with CI_Off
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Figure 5.21: Distributions of positron energies reconstructed with CI Method 04 along

with fitted Gaussian function for eight beam energies.
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Figure 5.22: Performance summary of CI Method 04

5.4.1 Discussion

As seen from Fig. 5.22, performance of this method in terms of resolution is better overall
with respect to CI_Prelim, and the improvement in resolution is distinctly visible at higher
positron beam energies. The response is similar to that obtained using CI_Prelim although
marginal improvements are observed across all energies.

Observations in terms of rechit energy spectra

* For several layers, reconstructed energies on higher end of rechit spectra moved
closer to the TB_Calib as compared to CI_Prelim, e.g layer 11 in Fig. 5.23 & in Fig.
5.24. However, the energies are still under measured which can explain the lower
response as observed in linearity plots shown in Fig. 5.22.

* The LG—ToT dip remains almost unchanged, just a small shift in position is no-
ticed because of the shift of LG saturations w.r.t. CI_Prelim, e.g., layer 16 in Fig.
5.23 & in Fig. 5.24.

* The HG—LG dip is resolved completely for almost all the layers, e.g., layer 13 &
layer 22 in Fig. 5.23 & in Fig. 5.24. .

In summary, this model showed improved results in terms of resolution and also
showed some improvements in terms of rechit spectrums but response linearity is not
fully resolved although within a few percent of CI_Prelim and TB_Calib. In the next step,
we try to investigate a different approach using overlapping regions between different gain
stages.
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Figure 5.23: Rechit energy spectrum comparison of CI Method 04 with CI_Prelim and

TB_Calib for some layers of CE-E for 150GeV.
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Figure 5.24: Rechit energy spectrum comparison of CI Method 04 with CI_Prelim and

TB_Calib for some layers of CE-E for 300GeV.
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5.5 Charge Injection Method 05 ( )

This method is an upgrade to CI Method 02. A 4% non-linear ToT contribution allowance
was used to update the LG saturations as in sec. 5.2. To obtain the coefficient to express
ToT in terms of LG units, a straight line is fitted in the range where both the ToT and the
LG are expected to be linear. Now, using this fitted function ToT energy is calculated by

inverting this function, this process of calculating ToT is very much similar to that used
in TB_Calib Ref sec. 4.2.1.

Fig. 5.25 and Fig. 5.26 shows the ToTCoeff and ToTPed comparison between CI
Method 05 and CI_Prelim for some layers of CE-E.
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Figure 5.25: ToT Coeff comparison between CI Method 05 and CI_Prelim for some
layers of CE-E.

Fig. 5.27 shows the reconstructed energy distributions for CI Method 05 for 8 positron
beams along with the Gaussian functions fitted over the range [t — 1.50,u + 1.50].
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Figure 5.27: Distributions of positron energies reconstructed with CI Method 05 along
with fitted Gaussian function for eight beam energies.
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Figure 5.28: Performance results of CI Method 05

5.5.1 Discussion

Fig. 5.28 shows the response linearity and energy resolution results as a function of beam
energy. The CI Method 05 has a overall improved linearity with respect to CI_Prelim, for
lower energies the linearity is mostly restored. For higher energies too, the deviation does
not strongly depend on positron energies (i.e. the trend is mitigated to a large extent). In
terms of resolution, the resolution corresponding to the CI Method 05 reconstruction is
close to TB_Calib reconstruction which has been our benchmark to compare with. The
resolution difference between CI Method 05 & TB_Calib is observed to be less than 2-3%
and the resolution values are overall better than that of CI_Prelim ref Fig. 5.27 across all
energies. Hence, using CI Method 05 performance close to TB_Calib was achieved, to
finalize the model few other checks are made.

Using CI Method 05 performance close to TB_Calib was achieved, to finalize the
model few other checks were made.

Fig. 5.29 & Fig. 5.30 shows the rechit energy comparisons for reconstruction using CI
Method 05 with respect to TB_Calib and CI_Prelim calibrations. Following observations
are noted from these rechit spectrum comparisons.

* In most of the layers, the higher energy part of the rechit spectra have shifted closer
to TB_Calib tails than CI_Prelim, e.g layer 9 & 13 in Fig. 5.29 & 5.30.

* The HG—LG dip is not present for CI_Method 05, for e.g layer 13 & 22 in Fig.
5.29 & 5.30.

* The LG—ToT dip got shifted to a lower level as compared to CI_Prelim as the LG
saturations has been shifted to a lower level because of change in way of finding the
saturations, e.g layer 9 & 13 in Fig. 5.29 & 5.30.
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Figure 5.29: Rechit energy spectrum comparison of CI method 05 with CI_Prelim and

TB_calib for some layers of CE-E for 150GeV
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Figure 5.30: Rechit energy spectrum comparison of CI method 05 with CI_Prelim and

TB _calib for some layers of CE-E for 300GeV

Hit by Hit energy comparison between CI Mthod 05 & TB_Calib

We made a few more checks with this method to understand potential improvements
further. To compare CI Method 05 and TB_Calib on a more elementary level, we com-
pared the rechit energies event by event and channel by channel for energy reconstruction
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using these two intergain calibration methods. Fig. 5.31 & Fig. 5.32 shows rechit energy
comparison between CI Method 05 (y axis) & TB_Calib (x axis) for some layers of CE-E
for 150 GeV and 300 GeV respectively.

* For almost all the layers and for most of the Hits the reconstructed energies were
close to that of TB_Calib, shown by events close to y = x line in Fig. 5.31 & 5.32.

* In most of the layers there were very few high energy hits which were showing
large deviations from the TB_Calib, for refer to layer 09 in Fig5.31 & 5.32. These
hits need to be carefully analysed.

Analysing outliers in the rechit energy comparisons

In order to is get a deeper insight for this model and to see from where are these
deviations coming, the high energy outliers were extracted and analysed. Results of this
exercise are discussed in sec. 5.6.
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Figure 5.31: Hit energy comparison of CI method 05 V2.0 with TB_Calib for some lay-
ers of CE-E for 150GeV
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Figure 5.32: Hit energy comparison of CI method 05 V2.0 with TB_Calib for some lay-
ers of CE-E for 300GeV
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5.6 Charge Injection Method 05 V2.0 ( )

This method is a continuation of CI Method 05 (sec. 5.5) in which we have applied a
outlier search using inter quartile range of the calibration parameters and the extracted
outliers are updated using the respective average chip values.

Observations as per outlier search:

* These outlier hits were very low in number ~ 1% — 2% of the total hits of that layer.

* These outliers were distributed among some specific channels in a given layer refer
to sec. 5.6.1.

* These channels were the channels in which there were issues either in charge injec-
tion data itself Fig. 5.34, ToT fit is not good due to which ToT non linear contri-
butions were getting off and hence the saturation points were getting affected Fig.
5.33 . All the types of outliers extracted are discussed in sec. 5.6.1.

* The channels belonging to chip 01 of layer 07 has not been updated by the chip
averages because the entire chip is showing off calibration.

5.6.1 Type of outliers in Hit energy comparison with TB_Calib

There were some common behaviour seen among the outliers extracted out in rechit en-
ergy comparison.

* The major contribution in outlier hits in Fig. 5.31 & 5.32 were from the channels in
which the ToTy;;, Eqn. 5.3 was not fitted properly one calibration plot for one such
channel is shown in Fig. 5.33. In this plot we can see ToTyy;, fails to fit the ToT.
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Figure 5.33: Calibration plot for channel 08 of chip 01 from layer 10 of CE-E

* Another type of channles were the channels showing compressed ToT outputs from
CI run, one calibration plot for one such channel is shown in Fig.5.34.
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Figure 5.34: Calibration plot for channel 38 of chip 02 from layer 16 of CE-E

Fig. 5.35 shows the change in ToT e ry & ToT)eq of layer 11 after updating the outlier

calibration values with respective chip averages.
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5.6.2 Discussion

In terms of linearity & resolution updating outliers improves the linearity for CI Method_-
05 even further but changing the calibration values to chip averages results in widening
of the energy distribution & hence little increase in resolution values was observed but
still CI Method 05-V2.0 performs better with respect to CI_Prelim in terms of resolution.
Refer to Fig. 5.36 for resolution and linearity results.
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Figure 5.36: Performance results for CI Method 05 2.0

One of the concern with the CI Method 05 was the high deviations in Hit energy
comparisons with TB_Calib for High energy hits (e.g layer 9 in Fig. 5.31 & Fig. 5.32.

Fig. 5.37 & Fig. 5.38 shows the effect of updating the outliers with the average
values. So, we can see that most of the deviations at Higher energy sides has shifted near
to TB_Calib values for almost all the layers.
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Figure 5.37: Hit energy comparison of CI Method 05 2.0 with TB_Calib for some layers

of CE-E for 150 GeV.
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Figure 5.38: Hit energy comparison of CI Method 05 2.0 with TB_Calib for some layers

of CE-E for 300 GeV

So, in this section we have seen 5 different versions of charge injection analysis frame-
work, and also how they perform in terms of reconstructing energies for different positron

beams. In the next chapter a summary of all the models discussed so far are listed.
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Chapter 6

Summary & outlook

In this chapter all the models discussed in chapter 5 are summarized as per their perfor-
mance in terms of linearity and resolution in comparison with TB_Calib and CI_Prelim.

6.1 Performance summary

TB_Calib_Energy
Cl_prelim
Cl_method_01
Cl_method_02
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Beam Energy [GeV]

Figure 6.1: Linearity comparison for all the intergain calibration trials.

CI Method 05 V2.0 which is an extension of CI Method 05 is the best performing in terms
of linearity Refer to Fig. 6.1. The linearity is almost restored for the CI Method 05 V2.0
with significant improvements with respect to CI_Prelim.
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Figure 6.2: Resolution comparison for all the intergain calibration trials.

Resolution wise CI Method 03 delivers the best resolution even better than TB_Clalib
for some intermediate positron beams [Refer to Fig. 6.2], but the response of CI Method 03
is highly non linear with respect to positron beams [Refer to Fig. 6.1] where as CI
Method 05 V2.0 still provides improved resolution with respect to CI_Prelim along with
maintaining a linear response. Along with highly linear response and good resolution
performance CI_Method 05 v2.0 also shows improvements in terms of unphysical dips
observed in rechit spectrums of CI_Prelim [sec. 4.2.3].

Fig. 6.1, Fig. 6.2 shows the final comparisons of linearity, resolution & resolution
ratio with respect to TB_Calib for all the models discussed in chapter 4 & chapter 5
respectively.

6.2 Conclusion

This thesis presents a brief description of different detection techniques, interaction of par-
ticles with matter, semiconductor detectors and sampling calorimeters (chapter 2). Along
with a detailed description of the HGCAL calorimeter and the construction, I discussed
calibration & testing of the HGCAL prototype and 6” silicon sensors using 2018 positron
test beam data (chapters 3 & 4). My work was majorly aimed to study and improve
the intergain calibration method using charge injection data (chapter 4 & 5). Based on
these studies, it is clear that the inetrgain calibration of pulse shapers using in HCGAL
readout is an important factor in defining the final performance of energy response and
resolution of positrons. We tried to investigate the various handles available to improve
the calibrations. The ToT non-linearity contributions play a major role, and it can be
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explained by the fact that ToT measures larger energies deposited and hence larger gain
factors. So, any mis-calibration may translate to larger mis-measurements in energies of
the particles. From the studies performed in this thesis, we think that having an overlap-
ping region among different gain stages provides an independent check and alternative
handle to establish and debug the intergain calibrations using charge injection method, at
the beginning as well as during the course of data taking with the HGCAL detectors.
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