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Introduction

I joined the RD_FCCT group of INFN*-Pavia in November 2019, to pursue studies and
frontier research on the Dual-Readout calorimetry and its application in experiments
proposed at future circular lepton colliders. The motivation behind was to understand
how particle detectors together with modern technology are used for searching basic
building blocks of the universe.

The journey of calorimetry in particle physics from a crude apparatus for stopping
particles to an instrumentation for precision measurements has taken place over several
decades. Understanding the physics of energy deposition of particles via interactions
with matter and developing techniques for conversion of deposited energies into human
readable signals have been crucial features for learning. Monte Carlo based simulations
provided inputs in understanding the nature of electromagnetic showers. Hadronic
showers are even more complex and are fully explored with simulation models. The
non-relativistic component of the shower that is dominated by processes at the nuclear
level, is still poorly described by the hadronic shower development package provided
by Geant4. Therefore, the construction and characterisation of calorimeter prototypes
becomes an excellent way to learn more about hadron showers.

The INFN-Pavia group has been developing prototypes of novel modular structures
of Dual-Readout calorimeters in order to finalise the design and concept of calorimeters
aimed to perform precision measurements in experiments proposed at future circular
lepton colliders. I spent one half of the first year familiarising myself with the activ-
ities of our group and then performed simulation studies on an electromagnetic-scale
Dual-Readout calorimeter. The construction of the electromagnetic-scale novel mod-
ule started at the beginning of the second year of my doctoral studies. It took eight
months for the detector to be ready for tests with beams at two facilities, DESY® and
the Super Proton Synchrotron at CERNY. During the final year of my PhD, I analysed
data samples taken with the CERN test beams.

Chapters 1 and 2 are dedicated to describe concepts of calorimetry in particle physics
and the state-of-the-art of the Dual-Readout calorimetry, respectively. Chapter 3 out-
lines possible scenarios of the post-LHC era, i.e., the future projects for high-energy
collider physics. This chapter also elaborates on the physics potential at the FCC-ee

fResearch & Development for Future Circular Lepton Colliders (https://web.infn.it/RD_FCC/)
i(Italian) National Institute of Nuclear Physics

$Deutsches Elektronen-SYnchrotron

YEuropean Council for Nuclear Research
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xvi Introduction

collider, the IDEA detector concept that has been proposed by the researchers of vari-
ous INFN groups and the role of Dual-Readout calorimetry in precision measurements.
Chapter 4 provides the designs and dimensions of the two fibre-sampling calorimeter
modules, an electromagnetic-scale and a hadronic-scale, with detailed description of the
construction steps of the electromagnetic-scale module and some additional work re-
quired for the construction of the hadronic-scale module. On the other hand, Chapters
5 and 6 are dedicated to describe the simulation studies of the electromagnetic-scale
module along with the Geant4 geometry of the hadronic-scale module and the analysis
work related to the CERN beam test of the electromagnetic-scale module, respectively.

Members of the Pavia RD_FCC group are also part of the ATLAS! experiment at
the LHC and hence, I had the chance to join the ATLAS collaboration too during my
PhD. As a result, in addition to the above mentioned work, I had the opportunity to
participate in the ongoing construction activities for the Micromegas chambers for the
ATLAS New Small Wheel and software tool development for the online Data Quality
Monitoring for the Micromegas. When the construction activities on the Micromegas
were completed, I started working on the software tool development and continued for
one year. This participation allowed me to qualify as an ATLAS author in January
2021 and become a Muon Desk Shifter in the ATLAS Control Room during the test
runs of 2021 and the LHC Run 3 of 2022. Appendix A begins with a short introduction
of the ATLAS experiment and is dedicated to describe the mentioned ATLAS activities.

Conclusions on the lessons from the electromagnetic-scale prototype tests have been
drawn in Chapter 7. Some objectives on the readout of the upcoming significant con-
tainment prototype are also shortly discussed in this chapter. The Bibliography [1] to
[79] concern calorimetry and future collider projects, whereas the rest corresponds to
the ATLAS experiment and aspects related to it.

I A Toroidal LHC ApparatuS



Chapter 1

Calorimetry in particle physics

1.1 Basic concept

Historically, a calorimeter is a device that measures all heat* released in a reaction. In
chemistry, calorimeter measures the heat exchange, typically in a volume of liquid, due
to the energy released by a chemical reaction. In particle physics, calorimeters [1, 2]
constitute an important class of detectors for measuring the energy of particles. The
particles interact within the detector volume (a block of dense material) via electro-
magnetic or strong processes and transfer all or part of their energy to the material.
Typically, calorimeters are designed such that particles are almost completely absorbed
(exceptions: muons and neutrinos) and hence, the process is regarded as a destructive
phenomenon. As a result of interactions, a shower of secondary particles is produced.
Finally, all or part of the energy of the particle is converted into measurable detector
response. Ideally, the detector dimensions are large enough to absorb most of the en-
ergy of the particle and this energy is converted into a signal directly proportional to
it. In reality, this is normally the case for high-energy electron and photon (), but
it hardly happens for single hadron and jet (discussed in Section 1.4). Calorimeters
detect both charged (e*s, charged hadrons, i.e., protons, pions, etc.) and most neutral
particles (7’s, neutrons). A calorimeter is at the heart of a modern high-energy col-
lider experiment. The primary roles of calorimeters are Particle IDentification (PID)
(electrons, muons, ~’s, single hadrons and jets), generation of trigger signals, energy
measurements of particles developing electromagnetic (EM) showers i.e., electrons, 7’s,

7%s, and/or energy measurements of hadrons and jets.

1.2 Classifications

Depending on detector construction strategy, there are two types of calorime-
ters: homogeneous and sampling. In a homogeneous calorimeter, the volume where the
shower develops is itself, the body of the detector to detect the final products (v’s, e”s,
ions). So, the deposited energy is fully detected and as a consequence the calorimeter
provides potentially the optimal energy resolution (discussed in Section 1.5). Sampling
calorimeters are comprised of alternating layers of dense absorbers (such as copper, lead,

*¢Calor’ in Latin



2 Calorimetry in particle physics

uranium, etc.), called passive medium, where the showers develop, and light detector
structures, called active medium, where particles are actually detected. The schematic
of a sampling calorimeter is shown in Figure 1.1. The very essential parameter, the
sampling fraction (fsamp), is the fraction of the total deposited energy that is released
(or sampled) in the active media:

energy deposited in the active media

(1.1)

The choice of sampling fraction is driven in opposite directions by the experimental
needs. The resolution is improved by increasing the sampling fraction, in order to limit
the effects due to sampling fluctuations. On the other hand, increasing the passive
medium reduces the detector dimensions and costs as well as the shower dimensions,
i.e., it improves the capability to resolve nearby showers. Hence any actual choice
is a compromise between different requirements. In practice, the sampling fraction
is usually small with the consequence that the resolution of sampling calorimeters is
much worse than the resolution of homogeneous calorimeters. Usually, the sampling
fraction is calculated for Minimum Ionising Particles (MIPs) that are ideal particles
interacting with matter only through ionisation with a constant energy loss rate or
stopping power (—j—)]?) equal to the minimum possible value. In many practical cases,
relativistic heavy particles (e.g., cosmic-ray muons) can be considered as MIPs. Another
important parameter is the sampling frequency that is defined by the thickness of the
layers. Increasing the sampling frequency improves the resolution at the cost of a more
complex mechanics and/or electronics. Almost all calorimeters operating in collider
experiments are sampling calorimeters, with the PbW O, crystal calorimeter of the

CMS' experiment [3] as a notable exception.

Joamp = total energy deposited in the calorimeter

Absorber Scintillator

Figure 1.1: Schematic of a sampling calorimeter which has alternating layers of scintil-
lators as active media in between passive absorber plates. Ref. [1]

Depending on the incoming particle type, there are two types of calorimeters:
electromagnetic and hadronic. In next Sections, 1.3 and 1.4, physics behind the EM
and hadronic cascades are described, respectively.

fCompact Muon Solenoid



Physics of electromagnetic showers 3

1.3 Physics of electromagnetic showers

An EM cascade [1, 2] is developed by the interaction of electrons, positrons and ~’s with
the detector material. e~ and et lose their energies by ionisation and bremsstrahlung
radiation. Bremsstrahlung arises when e~ and et are decelerated in the Coulomb fields
of nuclei with subsequent emission of photons. The process is governed by the following

expression:
dE 72 1 e\’ 183
——:4aNA—-< ¢ ) E-In (1.2)

dzx A \dreme 5

where the left hand side of Equation 1.2 represents, as mentioned before, the stopping
power of the material and in the right hand side, « is the fine structure constant, Z and
A are the atomic number and the relative atomic mass of the material, respectively, N4
is the Avogadro number, ¢ and € are the velocity of light and the vacuum permittivity,
e, m and E are the charge, rest mass and energy of the electron, respectively.

On the other hand, photons have to create charged particles or transfer energies to
charged particles in order to be detected. Photons interact with matter through the
photoelectric effect, Compton scattering and pair production. The cross sections for
these processes vary with Z°, Z? and Z, respectively.

At high energies, the EM showers are dominated by bremsstrahlung radiation and
pair production, whose diagrams are shown in Figure 1.2. On the other hand, ionisation,
the photoelectric effect and Compton scattering are dominant at low energies. The
critical energy (e.) can be defined as the energy at which the loss due to ionisation and
the loss due to radiation have the same intensity, see Equation 1.3 and Figure 1.3.

dEion dE’/‘ad
= 1.
(o) - (). a3

€. is roughly inversely proportional to the atomic number of the absorber and for solids

Y U et
e
e
e
Nucleus Nucleus
e+ (Z, A 2e+ 71+ (Z AN y+ ( A >e +e + (I, A
a) b)

Figure 1.2: Feynman diagrams for the bremsstrahlung radiation (a) and pair production

(b).
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Figure 1.3: Energy losses through ionisation and bremsstrahlung by electrons in copper.
The value of the critical energy is indicated by the vertical red line. Ref. [1]

and liquids can be parameterised as [1]:

(- 610 MeV (1.4)
Z+124

Depending on materials, at energies above O(10MeV), electrons start producing
energetic bremsstrahlung photons that in turn are converted into e™ — e~ pairs. These
et — e pairs release energies through radiation of further photons and this way particle
multiplication happens. Maximum number of particles is produced at a certain shower
depth called as the shower mazximum. Its depth becomes higher with an increase in
energy of the incoming particle. The shower maximum is reached when the average
energy of the shower particles equals €¢.. Beyond this depth the number of particles in the
multiplication process decreases gradually and a longitudinal shower tail is produced.
The lateral profile of an EM shower is caused by two phenomena: a) e~s and e™s move
away from the shower axis because of multiple scattering and b) 4’s and e~s produced
in the Compton scattering and photoelectric effect move away from the shower axis.
Two parameters, driving the EM shower development, need to be introduced. One,
the radiation length (X, ), defines the longitudinal shower dimension, while the lateral
dimension is defined by the Moliére radius (Rys). The first is defined through Equation
1.2 that can be rewritten as:

dE E
dx B ‘XVO7
E = EO efm/Xo (15)

E~37T%-FEy at © = X,
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So, a high-energy electron loses ~ 63% of its energy when it traverses one radiation
length of material. X is a characteristic of a material. It is slightly less (g) than the
mean free path for pair production of high-energy photons. On the other hand, R,
can be expressed in terms of X and €. [4]:

B 21 MeV

€c

Ry Xo [g/em?] (1.6)
On average, 90% of an EM shower energy is contained within a cylinder of radius Ry,
around the shower axis. The longitudinal and lateral EM shower profiles, as a function
of Xy and Ry, from EGS4 simulation [5, 6] calculation, are shown in Figures 1.4a and
1.4b, respectively. In Figure 1.4b, the lateral shower profiles indicated by the three
legends are at different longitudinal depths. An EM calorimeter is intrinsically linear,
i.e., the detector response is directly proportional to the deposited particle energy.

Depth [X,] Moliére radii [Ry,]
0 5 10 15 20 25 30 0 1 2 3 4
o T T T T T
12 | 4104k
___210 =
| /% 16Gev s
10p 0\ ‘§ Shower max * 6X,
- \  10Gev 1
8l !/ 10 x 15X, |]
&
T
18

Xx, *e
xxxxxx
.,

Energy deposit per cm [%]

i
N,
L}
D/
¥
=
o
<
1
Ener;
o
=
1)

.,
xxxxxxxxx
xxx,

/ A 1 \A .
/ n (e} \ \, L %% |
o / /A ‘/ \o ". l‘\A ™ *2en)
2F & J ¥ \o\ ‘o\. Sa ‘\‘\‘ N
| / A/ ./ O‘a\ \.‘O. A\ﬂ\ \A\L | ].0 F
S P &0_0 . i A\A‘A~ L
0 L I ;o'°‘°-0>o:33:!2i:ﬁﬁ.‘ e Y SPTOUNY
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Depth [cm] Distance from shower axis [cm]
(a) (b)

Figure 1.4: Percentage of energy deposited per unit length in a copper block as a
function of the longitudinal depth (bottom X axis) and Xy (top X axis) for 1, 10, 100
and 1000 GeV electrons (a). Energy deposited per unit length by 10 GeV electrons as a
function of the radial distance from the shower axis and Moliere radius (Rys) (b). Ref.

1]

Some important features that make EM shower profiles complicated are the follow-
ings:

e The behaviour of high-energy electrons and photons is not the same. A high-
energy electron interacts with the detector material immediately after entering
and may radiate thousands of bremsstrahlung photons in few mm lengths. But
a high-energy photon may or may not interact immediately after entering the
material due to lower probability of interaction compared to that of a high-energy
electron [1].

e The scaling of EM showers with Xy and Ry is not perfect [4]. The amount of
particle multiplication through different processes with Z-dependent cross sections
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are not same in high-7Z and low-Z materials. As a result more X, are needed to
contain EM showers in high-Z than in low-Z materials.

e The photoelectric effect and Compton scattering that produce soft particles of
energy O(~ MeV') or less, deposit shower energy far below €. and the effects are
not well described by the Xy and R, scaling.

e A significant fraction of the shower energy is deposited by soft photoelectrons
and Compton electrons [1]. For instance, these soft particles account for ~ 40%
of the energy deposit in high-Z materials (Pb, U, etc.). As these particles have
broad angular distributions, the correlation with the incoming particle direction
is lost or very weak. So, it is not necessary that the sampling detector geometry
has a segmentation orthogonal to the shower axis. The active medium can run
parallel to the direction of the incoming particle. This approach, referred to as
longitudinal unsegmentation, has opened the way for energy measurements with
SPAghetti CALorimeters (SPACAL) [7, 8] i.e., the usage of long fibres as active
detector elements, running parallel to the shower axis, immersed in a much denser
passive medium. Electrons with energy of around 1 MeV are the most typical
components of an EM shower and their range, i.e., the distance they travel from
the source through matter before releasing all the energy, is typically ~1 mm.

1.4 Dual nature of hadronic showers

Spallation plays an important role in hadronic cascades [1, 2, 9, 10]. Spallation occurs
when an energetic hadron undergoes strong nuclear interaction with an atomic nucleus
of the absorber. It is a two-stage process. The primary hadron interacts with nucleons
inside the nucleus. The reactions that follow creates a fast intranuclear cascade of
high-energy protons, neutrons and pions within the nucleus. During this, some of the
energetic hadrons may escape the nucleus as secondary particles. Others deposit their
kinetic energy in the nucleus leaving it in an excited state. In the second stage, a
slower evaporation takes place when the excited nucleus relaxes by emitting low-energy
neutrons, protons, alpha particle, etc., with the majority of the particles being neutrons.
The secondary high-energy particles, produced during the intranuclear cascade and
escaped, collide with other nuclei in the absorber. A series of secondary spallation
reactions follow that generate more secondary particles and low-energy neutrons. The
hadronic cascade is an accumulation of all the interactions caused by the primary and
secondary particles in the absorber. Break up of nuclei also produces nucleon fragments
(quarks and gluons)*.

Nucleons (neutrons (n) and protons (p)) are released from the nuclei and the nuclear
binding energy of these nucleons is compensated at the expense of a fraction of the
shower energy. This fraction of the shower energy can not contribute to any calorimeter
signals. This, referred to as the invisible energy component of hadronic showers, varies
widely from one event to the next. As a consequence, the calorimeter signal is typically

In high-energy proton-proton collision experiments, these quarks and gluons take part in hadroni-
sation and produce jets, which are narrow cones of hadrons and other particles. Jets are produced also
in high-energy e*-e~ collisions. An e'- e~ pair annihilates into a quark-antiquark pair that further
produces hadrons and jets as a result of colour confinement.
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substantially smaller compared to that from an EM shower of same energy and the
event-to-event variation in the calorimeter signal is much larger than that for an EM
shower of comparable energy.

In the absorption of high-energy hadrons typically some fraction of the energy is
used for the production of neutral pions (7). These decay almost instantaneously into
two high-energy s that initiate EM showers. So, a hadron shower possesses both an
EM component and a non-EM component.

The fraction of the shower energy carried by the EM component in a hadronic
shower, generally referred to as the electromagnetic fraction (fe.n ), fluctuates strongly
event by event (Figure 1.5a). Due to the suppression of the production of a leading
7° (due to the baryon number conservation), the average of f,, is smaller in proton
induced showers than in pion induced ones. < f., > is a function of the incoming
particle’s energy and can be parameterised as:

(k—1)
< fom >=1— {E} (1.7)

N
where k (~ 0.82) is a material dependent constant related to the average particle multi-
plicity in the nuclear interactions and Ej represents the average energy meeded for the
production of one pion (varying from 0.7 GeV to 1.3 GeV for m—induced reactions on
Cu and Pb, respectively) [11]. According to Equation 1.7, the higher the particle en-
ergy (E) is, the more 7° production happens, the larger < f.,, > becomes. The energy
dependency of f.,, makes (traditional) calorimeters non-linear for hadron detection.
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Figure 1.5: Event-to-event asymmetric fluctuation of f.,, for a hadronic shower pro-
duced by 150 GeV pions (a). The average electromagnetic fraction, < f,, >, increases
with the pion energy for hadronic showers developed in copper and lead (b). Ref. [12]

Almost 19% and 37% (total 56%) of the energy carried by the non-EM shower
component is deposited in the form of ionisation by pions and protons, respectively.
The invisible energy component represents ~34% of the energy and the neutrons carry
the remaining ~10%. The percentages reported [1] are the energy containment in a
lead absorber for 1.3 GeV pions. Protons, produced by nuclear spallation, are the most
dominant signatures of the non-EM shower component.
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Hadronic shower shapes scale longitudinally with the nuclear interaction length
(Nint), 1.€., the average distance traversed by a hadron before undergoing a nuclear

Interaction:
Aint [g/em?] ~ 35 A3 (1.8)

Aint, depending on the material (A) and hence, on the number of neutrons, can be a
factor 10 — 30 larger than Xy. Thus, hadronic showers are larger and more diffuse than
EM showers.

Some important features of hadronic shower profiles are the following:

e Hadron calorimeters need more material laterally to contain low-energy hadron
showers than high-energy ones. This is because the EM components tend to
develop close to the shower axis and, as mentioned earlier, f,, is larger for high-
energies.

e The longitudinal leakage may play an important role for hadronic showers as the
longitudinal fluctuations in the shower development are quite large.

e 50-100 MeV spallation protons are the main component of hadronic showers and
their range is typically ~ 1 cm.

1.5 Energy Resolution

The energy resolution is defined as the precision with which the energy of an unknown
particle can be determined from the signals it produces in the calorimeter. It is one
of the most important criteria for selecting a given type of calorimeter for a particular
application. The calorimenter performance is controlled by the statistical fluctuations
due to the underlying physical processes. In EM and hadronic calorimeters fluctuations
may come from:

e signal quantum statistics (governed by Poisson statistics);
e sampling (governed by Poisson statistics);

e shower leakage;

e instrumental effects e.g., electronic noise, etc.

In an EM calorimeter, one of the above four contributions usually dominates. Event-to-
event fluctuations in the signal (S) correspond to Poissonian fluctuations in the number
of signal quantum (n). The relatve width of the signal distribution, i.e., the relative
precision of the energy measurement can be expressed as:
op vn_ 1 1 (1.9)
E n vn VE
Production of more signal quanta (photoelectrons, e~ - hole/ion pairs) leads to better
energy resolution for higher energy particles. Both sampling fraction and sampling
frequency define the level of sampling fluctuations. Fluctuations in the number of
shower particles contributing to the calorimeter signals give rise to this component
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that also scales with 1/ V'E. For EM sampling calorimeters, in most cases, the energy
resolution is dominated by the sampling fluctuation term. For active media made of
solid or liquid material, the contribution to the energy resolution due to the sampling
fluctuations is estimated to be:

o d 1
A R aw

where d is the dimension of the active medium and fy,m, is the sampling fraction
for MIPs. Fluctuations in longitudinal leakage, lateral leakage and backward leakage
(albedo) are non-Poissonian in nature and these leakage contribution to the energy reso-
lution roughly scales with E~/%. The noise term scales with £~'. This term dominates
at very low energies, where E~! dependence overtakes E~/2. On the other hand, the
shower containment dominates at very high energies. At intermediate energies, usually,
it is a combimation of the first two terms, in the mentioned list, that determine the
energy resolution. There may be some effects that contribute to the energy resolution
in an energy-independent way. Usually, all these contributions are uncorrelated and
hence, the EM energy resolution is expressed as a quadratic sum?® of all these terms:
o 1 1 1
E—aﬁ@b%@ci@d (111)

As an example, the total EM energy resolution and the contributions from the
different terms to the total resolution for the ATLAS EM calorimeter [4] is illustrated
in Figure 1.6. The red line shows the contribution to the EM energy resolution due to
a stochastic term with o/E = 10%/v/E. The data (black points) show that, between
10 and 100 GeV, the dominating factor is the stochastic term i.e., the contribution
of sampling fluctuations. On the other hand, above 100 GeV, an energy-independent
constant term, measured to be 0.35%, saturates the energy resolution. This arises due
to the impact point dependency of the signal. Below 10 GeV, the electronic noise term
is dominating.

On top of the mentioned sources of measurement uncertainties, two additional
(mostly non-Poissonian) contributions play an important role in limiting the energy
resolution of hadronic calorimeters. These are the fluctuations in:

e the visible energy;

® fem-

The signal produced by the visible non-EM shower component, fluctuates event-to-
event. For a non-compensating calorimeter (Section 1.7), the large non-Poissonian
fluctuations in the EM shower component (Figure 1.5a) may be the single most impor-
tant dominating factor that limits the hadronic performance. This is true, in particular,
at high energies, where the contributions of stochastic fluctuations, i.e., the E~/2 term,
vanish. For non-compensating calorimeters, the hadronic energy resolution can be ex-
pressed as:

o 1 B\

So1 @01 = +/(01)% + (02)2
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Figure 1.6: The EM energy resolution of the ATLAS EM calorimeter. Different contri-
butions to the total EM resolution are shown separately. Ref. [4]

So, the contribution of fluctuations in f.,, to the hadronic energy resolution of non-
compensating calorimeters is more accurately determined by adding an energy depen-
dent term to the stochastic term which includes the contributions by the sampling
fluctuations, signal quantum statistics, etc. that affect the resolution at low energy.
The expression is written in Equation 1.12%. The value of b depends on e/h (Section
1.7). However, these intrinsic fluctuations can be eliminated by a clever design of read-
out and eventually, better hadronic energy resolution can be achieved. This aspect has
been discussed in Section 1.8 and Chapter 2.

1.6 PID and position resolution

Not only good energy resolution, but also good position resolution and efficient PID
capabilities [2, 13] make calorimeters one of the most important instruments in High En-
ergy Physics (HEP) experiments. An example of v/jet or v/7° separation is described
here. A high rejection factor for jets is required for selecting photons for physics studies
at HEP experiments. If the constituents of a jet are a hard 7% and other soft particles,
the two 7’s from the 7% are very close to each other. Hence, these 7’s can be misinter-
preted as a single v. A highly granular calorimeter, with excellent position resolution,
can easily resolve the two closely spaced showers and enable /7 discrimination.
There are many features of showers and the corresponding signals that are exploited
for performing PID. For instance, the shower dimensions, the contribution of shower
particles to Cherenkov light production (i.e., the EM shower component), the time

YExperimental estimation: Ey = 0.7 GeV; ¢ = 0.72 [1]
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structure of signals, signal-generation timing, etc., can discriminate between showers
produced by an e~ or a hadron. Sampling calorimeters offer better position resolution
and PID capabilities than homogeneous ones. The reason is the longitudinal and lateral
segmentation of the former. An extensive discussion on the spatial resolution and the
powerful PID performance achieved with the ATLAS EM calorimeter can be found in
Ref. [14].

1.7 Limitations of traditional hadronic calorimeters

Many factors, originated from the dual nature of hadron showers, limit the performance
of hadronic calorimeters in terms of response linearity, energy resolution and detector
calibration [1, 2]. The main ones along with the possible solutions, are discussed here.
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*
non-em component
5} N
mip
(0] 4 . i : X h I
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Figure 1.7: Illustration of the e/h and e/mip values of a non-compensating (undercom-
pensating) calorimeter. The distributions show the signal per unit of deposited energy
for the EM and non-EM components of a hadron shower. The average values of the EM
and non-EM distributions are referred to as the EM response (e) and non-EM response
(h), respectively. These distributions are normalised to the response for MIPs. Ref. [1].

The calorimeter response is defined as the signal per unit of deposited energy. For a
hadronic shower, the average response to the EM component (e) is usually larger than
that for the non-EM component (h). This is mainly due to the presence of the invisible
energy, as discussed in Section 1.4, but also because of the differences in interactions of
electrons and hadrons with matter. This is the non-compensation (h # e) problem of
traditional hadronic calorimeters. The distribution of the signal per unit of deposited
energy around the mean value is referred to as a response function. In Figure 1.7,
the response functions for the EM and non-EM components of a hadron shower are
illustrated, where e is larger than h. This is true for most (but not all) cases. Moreover,
both e and h are usually smaller than the calorimeter response for MIPs because of
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inefficiencies in the shower sampling process [15]. A calorimeter can be characterised
in terms of both the e/h and e/mip ratios. In Figure 1.7, these numbers are 1.8 and
0.8, respectively. The broader non-EM response function, compared to the EM one, is
related with the event-to-event fluctuations in the invisible energy fraction. In other
words, as already mentioned, the calorimeter signals for hadrons are smaller than those
for electrons of the same energy. Also, we have seen that < f., > increases with
the energy of the incoming particle (Equation 1.7). The two features, ¥ # 1 and the
energy dependence of < f,,, > for hadronic showers, make the (non-compensating)
calorimeters non-linear.

Let us write the calorimeter response to a charged pion as 7:

:e<fem>+h<1_<fem>)

1.13
:ﬁ+<fem>(1—ﬁ> ( )
e e

ol 3

i.e., it changes with the pion energy following the changes of < f.,, >. In non-
compensating calorimeters, as already mentioned in Section 1.5, the contribution of
fluctuations in the energy-dependent < f.,, > is the dominating factor that limits the
hadronic energy resolution.

The calibration of a calorimeter system [15, 16, 17] is a crucial ingredient for correctly
determining the energy of the absorbed particle. The calibration constants establish the
correlation between the measured signal and the deposited energy that has generated
the signal. The computation of these calibration constants is of great importance and
can be critical for calorimeter systems longitudinally segmented in two or more com-
partments. Other difficulties arise from the need to keep under control the calorimeter
system for verifying that the calibration (i.e., the response) is correct and stable (or
not).

The complications for calibrating a longitudinally segmented calorimeter arise from:
e non-compensation (h # e).

e the fact that the response varies with the shower depth. For example, in lead /LAr
calorimeters, the response (i.e., the sampling fraction for EM showers) decreases
by about 30% from the first few radiation lengths to the shower tail region (> 20
Xo).

The best procedure is to calibrate the individual sections of a longitudinally seg-
mented calorimeter system in exactly the same way. Electrons can be used if the
sections can be separated and are deep enough to contain the showers. This may be
non-trivial. An alternative way is to intercalibrate the sections with muons traversing
the entire depth of the calorimeter. However, if the calorimeter is not compensating,
an overall correction factor will have to be applied for hadronic showers. A variety of
calibration methods that are used in practice to deal with the mentioned problems are
reviewed in Ref. [16].
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1.8 Candidates as solutions

Extensive R&D are being carried out in three directions in order to improve the per-
formance of hadronic calorimeters:

e Compensation.
e Particle Flow Analysis.

e Dual-Readout method.

In this chapter, we will discuss the first two approaches. Chapter 2 is dedicated to
describe the Dual-Readout method and its state-of-the-art.

1.8.1 Compensation

In compensating calorimeters, the invisible energy component is compensated by ampli-
fying neutron signals, because there is a strong correlation between the nuclear binding
energy in spallation reactions and the number of neutrons produced in these reactions
as depicted in the two plots of Figures 1.8a and 1.8b. Another strong correlation, there-
fore, exists between the nuclear binding energy and the kinetic energy transferred by
neutrons [10]. The response to the non-EM shower component is boosted by neutron
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Figure 1.8: Strong correlation is observed between the nuclear binding energy lost in
spallation reactions induced by 1 GeV protons on ?**U nuclei (a) and the number of
neutrons produced in such reactions (b). Ref. [1]

detection in order to make e/h = 1. As mentioned in Section 1.4, 10% of the non-
EM shower energy is deposited by neutrons, whereas more than 10% of non-EM signal
comes from neutrons in compensating calorimeters. The low-energy eveporation neu-
trons, which are the most abundantly produced nucleons in hadron showers, transfer
their kinetic energy either by elastic or inelastic scattering off nuclei in the absorber
medium. The transferred energy fraction in elastic scattering is given by:

2A

E; = e (1.14)
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This fraction, for hydrogen, is 50%, whereas in any denser material this fraction is very
small. That is why hydrogenous active materials are used and neutrons transfer most
of their kinetic energy to hydrogen nuclei and the protons recoil. These protons directly
contribute to calorimeter signals by ionising the medium.

In order to achieve e/h = 1, precise tuning of the sampling fraction is needed too.
In Equation 1.13, e/7, at the left hand side, becomes 1, when h/e, at the right hand
side, is equal to 1. So, the hadron response equals to the electron response for the same
energy. Figure 1.9 depicts the pion response as a function of the incoming pion energy
for three conditioning of e/h. It is clearly visible that response linearity is achieved
in compensating calorimeters. Compensation also facilitates simplicity in calibration.
Calibration with electrons can be used for hadron energy reconstruction also.

On the other hand, there are some disadvantages and challenges in compensating
calorimeters:

e Compensation is achieved with low fsum, by paying a price for the EM energy
resolution. Low fg4m,p increases fluctuations in f,.

e Neutron detection needs long integration time (> 50 ns) and large integration
volume. These are not feasible always.

e Jet energy resolution is not as good as that for a single hadron in lead, uranium

calorimeters.
T T T T T T [ T T T T T T 1 1 I T T
g 13k |4 WATEn>D “r,a‘i‘“% i
LA ® HELIOS (e/h=1) 0«\93
% -~
g B WA78 (c/h< 1) R ’:#)f
S1.2 | <
= A4
g + »
o N By
_r.: ~n. w o Compensating
S0} :-;-;:+—¢ S ' o— ]
. —
] o [
O 9 = Verc - .
OmpEHSatin
0_8 L 1 1 ) - l A e A s k S S l 1 Il
5 10 20 50 100 200

Pion energy [GeV]

Figure 1.9: Pion response as a function of energy for three different calorimeters with
e/h less than, equals and greater than 1. The values are normalised to 10 GeV 7~
response. Response linearity is achieved with compensation. Ref. [1]

To overcome such limitations there are some other methods. One of these methods
is discussed here.
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1.8.2 Particle Flow Analysis

The Particle Flow Analysis (PFA) [13] approach was designed in order to significantly
improve the performance for jet detection in HEP experiments. The method is based
on the combination of the information from a precision tracker and a highly granular
calorimeter. The motivation lies in the fact that the charged jet particles are more
precisely measured by the tracking system, whereas the neutral particles can only be
measured in the calorimeters. Ideally, the showers originated by charged particles (mea-
sured by the tracker) are removed from the calorimeter measurement matrix, and what
remains is associated to neutral particles (photons or neutral hadrons). The lack of
information from the calorimeter about the nature (charged or neutral) of the particle
that it absorbs and the ambiguities in assigning an energy deposit to a well identified
impinging particle, limit the success of this method. As the key to the solution of the
problem of the correct track-cluster association, the use of calorimeters with a very high
granularity has been proposed by the developers of this method. This will improve the
identification of the showering fragments. Though the argument against is that, in a
compact 47 experiment, high granularity may be largely irrelevant because of the large
overlap between showers from different jet components. Moreover, reading millions of
electronic channels as a consequence of the high granularity and then discarding the
information about the charged-particle shower components are challenging.

The detector systems, based on the PFA algorithm, rely on exploiting strong solenoidal
magnetic fields of strength 4-5 T in order to increase the spatial separation between
showers introduced by the various jet particles. Such fields may open up the collimated
beam of particles, especially at large distances from the vertex. It is important to
be quantitative in this matter, because the trajectories of charged particles may bend
causing a relatively large transverse momentum with respect to the jet axis.

In this context, the quality of the calorimeter is relevant. About 2/3 of the final-state
particles constituting a jet are electrically charged and their momenta can be extremely
precisely measured by the trackers. For just 1/3 of the jet energy, it is necessary to rely
on the calorimeter measurement only. But in the absence of calorimeter information,
the jet energy resolution would be dominated by the fluctuation in the fraction of
total energy carried by the charged jet fragments. So, for the PFA algorithm to work,
a good precision of the calorimeter measurements is important. Apart from that, the
contributions of charged shower particles in calorimeter signals have to be identified and
discarded for which a high granularity is the recipe. An energy resolution of 4-5% in
resolving hadronically decaying W and Z bosons is the present benchmark requirement.
This is a major design goal of experiments envisaged at future ete™ collider facilities.

ALEPH, one of the Large Electron Positron collider (LEP) experiments, was the first
to apply the PFA algorithm. ALEPH had excellent tracking systems but the hadron
calorimeter was not designed for high performance. Using a specific subsample of
hadronically decaying Z%s, an energy resolution of 6.2 GeV was achieved by exploiting
the tracking information. It was an improvement of about 25% with respect to the
hadronic energy resolution of the stand-alone calorimeter system [18]. Also the CMS
experiment [19] took advantage of the silicon tracking system to the fullest and the fine-
granular Electromagnetic CALorimeter (ECAL) to improve the jet energy resolution.






Chapter 2

Dual-readout calorimetry

The drawbacks of compensating calorimeters led to searches for further approaches to
achieve compensation. The Dual-ReadOut (DRO) method [11, 20] exploits the fact that
only the charged particles from the EM component, i.e., ¢~ and e, of a hadronic shower
produce Cherenkov light. These particles are, in fact, relativistic in the medium down to
kinetic energies of only 200 keV. On the other hand, the dominating spallation protons
of the non-EM shower component are typically non-relativistic. While the Cherenkov
light is solely related to the EM component of hadronic showers, the scintillation light is
sensing the shower visible energy. Hence, the two types of lights provide complementary
information about the particles that generate them. The use of both the Cherenkov
and scintillation light as signal sources allows to compare the strengths of these two
signals and estimate the EM fraction of the hadronic shower, event by event. The total
shower energy is then reconstructed correctly for the actual value of f.,,. Thus the EM
and non-EM responses are equalised (condition of compensation) offline and the effect
of fluctuations in f.,, is eliminated. A step-by-step way to reconstruct the hadronic
shower energy using this method is described in the following section.

2.1 Analysis method

The two independent signals from a DRO calorimeter can be expressed in terms of the
total shower energy (E), the EM shower fraction (fe,,) and the non-EM shower fraction

(1 - fem):

S—E. fm n (ﬁ)s (- femﬂ (2.1)
C=E. :fem + (g)c (1- femﬂ (2.2)

where S and C are the energies reconstructed by the scintillation and Cherenkov chan-
nels, respectively, (%) ¢ is the ratio between the non-EM response and EM response for
the scintillation channels and so is (%) o for the Cherenkov channels. Both S and C are
measured at the EM scale (i.e., the calorimeter response is calibrated with electrons).
For EM showers, S = C = E, while for hadronic showers, usually £ > S > C, since
(usually) 1 > (h/e)s > (h/e)c. By solving the two Equations 2.1 and 2.2, f,, can

17
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be written independent of shower energy and in terms of the ratio of the two signals:

IO SO
I - () )

where (g) g and (%) o are detector-dependent parameters. If they are known, for each
hadron event, f.,, can be determined and the hadron shower energy can be correctly
reconstructed. This allows to eliminate the effect of fluctuations in f.,, and hence
the calorimeter performance for hadron detection is improved. In the scatter plot in
Figure 2.1, the blue and red points are simulated data points for hadrons from a DRO
calorimeter. The linear fit (red line) connects the coordinates ((%)g, (%)) and (1, 1).
At these two points the value of f.,, is 0 and 1, respectively. The slope of the fit line is
given by
1—(3)s

cotf =), X (2.4)
Note that the x factor can be estimated as soon as E is known (for instance in a beam
test) and once one of the two h/e values is known, the last missing h/e is constrained.
Moreover, the hadron energy can be reconstructed using only the two signals and the
x value, while the f.,, can be reconstructed only if both h/e values are known.

S—x-C
1 =X
The fact that 6 and y are independent of energy and particle type gives a possibility

to reconstruct the hadron energy with unprecedented precision.

The following are some key advantages of DRO calorimeters over compensating
calorimeters:

E = (2.5)

e High-Z absorbers (like U, Pb) are not mandatory, because low fs,m, is not required
in order to achieve compensation.

e Value of fsmp, which is offered by the detector design, can be a choice. This offers
the possibility to achieve an excellent EM energy resolution (Equation 1.10).

e Large detector volumes and long signal integration time, for neutron detections,
are not necessary for the DRO method. Efficient neutron detection can be per-
formed with DRO calorimeters. It offers complementary information to f.,, de-
tection and is extremely beneficial for high-precision measurements with calorime-
ters. This is discussed at the end of Section 2.2.1.

e A DRO calorimeter is composed of towers, i.e., several longitudinally unsegmented
sections where groups of same type of fibres are read out typically with single light
sensors (e.g., photomultiplier tubes). The number of towers is a choice. Hence,
fine lateral segmentation of showers can be achieved. It can provide an excellent
PID performance. The experimental verification of this aspect is discussed in
Section 2.2.2. However, the granularity of the readout system may not be tuned
with the total number of towers. Single tower may have several channels of same
type of fibres where each channel represents a group of fibres.

e The DRO modules can simply be calibrated with electrons also for hadron detec-
tion.
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Figure 2.1: Scatter plot of simulated Cherenkov and Scintillation responses for a generic
DRO calorimeter. The electron events are accumulated at (1, 1). The hadron events
are accumulated along the red straight line. See text for further details. Ref [11]

2.2 State-of-the-art

2.2.1 DREAM calorimeter

The first proof-of-technique detector was a 2\;,,; instrument, for ACCESS [21], a high-
energy cosmic-ray experiment proposed for the International Space Station. The suc-
cess of ACCESS inspired the collaboration to build a 10\;,; Dual-REAdout Mod-
ule (DREAM). The building block of the DREAM calorimeter (Figure 2.2c) was an
extruded, hollow, 2 m long copper rod of cross section 4 x 4 mm?. Seven optical
fibres (3 scintillating and 4 quartz or clear fibres) were inserted, inside the central
cylinder of 2.5 mm diameter, for light detection. 5130 rods composed 19 hexagonal
tower structures (Figure 2.2a) with an effective radius of 16.2 cm. At the rear end of
hexagonal towers the two types of fibres were well-separated into bundles and coupled
with PhotoMultiplier Tubes (PMTs) (Figure 2.2b) to get two independent signals.
Some performances of the DREAM calorimeter [22, 24] are discussed here. Figure
2.3a depicts the Cherenkov signal distribution for 100 GeV n~ raw data. The asym-
metry of the distribution is a reflection of asymmetric fluctuation in f.,, values. The
DRO method, i.e., the estimation of f,,,, event by event, allows to restore Gaussian
distributions for subsamples of events selected based on fixed intervals of f.,,. Figure
2.3b manifests how the effect of fluctuations in f.,, is eliminated during data analysis.
For the DREAM calorimeter structure, h/e values are 0.21 and 0.77, assuming
94% containment [11], for the Cherenkov and scintillation channels, respectively. These
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Figure 2.2: The DREAM calorimeter. The hexagonal structure is indicated (a). The
grouped fibres at the detector rear-end (b). Dimension of a single unit made of 3
Scintillation and 4 quartz fibres extruded in a copper rod (c). Ref. [22, 23]
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the DREAM calorimeter (a). The total distribution is dissected based on event selection
by measured f,,. Distributions of sub-samples of events are Gaussian (b). Ref. [11]
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values and the value of C/S from experimental data obtained with the DREAM module
are plugged in Equation 2.3 to measure f,,, for each event. An event-by-event correction
is applied to reconstruct 200 GeV multi-particle events from raw data. This improves
the reconstructed energy (with Cherenkov channels) from ~133 GeV to ~190 GeV
and the resolution (o/mean) from ~14% to ~5% as shown in Figures 2.4a and 2.4b.
A further significant improvement has been achieved by applying a correction for the
shower leakage. It correctly reconstructs the energy of the multi-particle events (~202
GeV) and a 2% energy resolution is achieved (Figure 2.4c). A + 3% response linearity
for hadrons (77~) has been restored with reconstructed data (Figure 2.4d). Figure 2.4e
shows that the energy resolution for multi-particle events improved considerably for
the two combined signals than that derived with individual scintillation or Cherenkov
signals.
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Figure 2.4: Results of DREAM calorimeter. Signal distribution for high-multiplicity jets
from raw data (a), after event-by-event reconstruction made on the basis of Cherenkov
and scintillation signal ratio (b), after correcting for the leakage fluctuation (c). Pion
responses for raw data and reconstructed data are shown. A 4 3% hadron response
linearity is achieved (d). The energy resolution for multiparticle events measured inde-
pendently with scintillation, quartz fibres and after the correction with DRO method
(e). Ref. [11]



22 Dual-readout calorimetry

Neutron detection

We have discussed elimination of fluctuations in f.,, by the DRO method. Reduction of
sampling fluctuation and fluctuations in photoelectron statistics will be discussed in the
next Section 2.2.2. The remaining hurdle towards the ultimate hadronic resolution is
the fluctuations in the invisible energy (Section 1.5). We have seen that the elimination
of fluctuations in f.,, takes care of the effects of the average contribution of invisible
energy. However, for a fixed value of f.,,, the invisible energy has fluctuations around
the average. Efficient neutron detection of hadron showers not only allows to achieve
compensation, but also can reduce the contribution of fluctuations in invisible energy.
Monte Carlo simulation (HETC/MORSE package [25, 26]) allows to derive the strong
correlation, as shown in Figures 2.5a and 2.5b, between the kinetic energy of soft
neutrons produced in the shower and the energy loss in the shower due to the binding
energy of nucleons, which can not contribute to the signal.
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Figure 2.5: The correlation, established by Monte Carlo data, between the kinetic en-
ergy of evaporation neutrons (a) and spallation neutrons (b) under 20 MeV and the
binding energy lost in 5 GeV 7~ shower. The average time structures of scintillation
and Cherenkov signals for showers of 200 GeV multi-particle events, measured with the
DREAM calorimeter, are shown. A tail that is attributed to the non-relativistic neu-
trons, is present for scintillation signal (c). Event-by-event distribution of the fraction
of scintillation signals due to neutrons is shown (d) Ref. [27]



State-of-the-art 23

Data obtained with the DREAM calorimeter have been used both for identifying
neutrons and then improving the hadronic energy resolution [27]. The time structures
of the scintillation and Cherenkov signals for 200 GeV multi-particle events, measured
with a sampling oscilloscope, are shown in Figure 2.5¢c. The scintillation signal has
an exponential tail that can be attributed to the non-relativistic neutrons produced
in the shower. The tail, indeed, is absent for the Cherenkov signal. An event-by-
event distribution of the contribution of this tail to the hadronic scintillation signal
(fn) is shown in Figure 2.5d. For both the scintillating and Cherenkov signals of EM
showers, this kind of tail was found to be absent. It was observed that f, had an
anti-correlation with f.,,. This implies that measurements of f,, in DREAM-like fibre
calorimeters provide complementary information to measurements obtained from ratios
of the Cherenkov and scintillation signals.

2.2.2 RD52 calorimeters

The fluctuations that limited the energy resolution of the DREAM calorimeter were
the lateral leakage fluctuation, sampling fluctuation and fluctuations in the Cherenkov
Light Yield (LY)* (only 8 photoelectrons/GeV by quartz fibres). A detector with larger
dimension can reduce the first contribution, whereas crystals are one of the solutions
for efficient reduction of the latter two. This option has been explored thoroughly by
the CERN RD52 collaboration (2011 - 2017).

Use of crystals

The material properties of high-Z crystals (e.g., PboW Oy, Bismuth Germanate (BGO))
ensure potentially higher Cherenkov LY. Hence the sampling fluctuation and fluctu-
ations in Cherenkov light production are controlled. The challenge is to identify, and
then effectively separate, the Cherenkov light from the dominant scintillation light.
To make the distinction, the following are some efficient ways studied by the RD52
collaboration.

1. Directionality of Cherenkov light.
2. Difference in signal time structures.
3. Difference in spectral compositions.

4. Use of polarisation filters.

Some of the tests are briefly mentioned here.

PbW Oy crystal produces relatively little scintillation light and its large refractive
index (n = 2.2) promises a substantial Cerenkov light. Cherenkov light is emitted at a
characteristic angle, 0 (cos O =1/(fn)), with respect to the momentum vector of the
particle that generates it, while the scintillation light is isotropically emitted. To detect
the contribution of Cherenkov light to signals from PbW Oy, it was rotated (Figure
2.6) in such a way that the crystal axis is oriented at 0o with respect to the incoming
particles. Two PMTs were equipped at the two ends of the crystal and Cerenkov lights,
produced by the cosmic rays and after traversing the trigger counters, were detected
in either PMTs. The measure of Left(L)-Right(R) response asymmetry, (R-L)/(R+L),

*number of photons or photoelectrons per unit of energy deposited
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Figure 2.6: Principle of the asymmetry measurement used to establish the contribution
of Cherenkov light to the signals from the PbW Oy crystals. Depending on the orien-
tation of POW Oy, this directionally emitted light contributes differently to the signals
either from the left or from the right photomultiplier tubes. Ref. [28]
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Figure 2.7: Left-right response asymmetry measured for 10 GeV electrons showering in
a 2.5 X, thick PbW Oy crystal, as a function of the orientation of the crystal with respect
to incoming particles. Results are shown for the “early” and the “late” components of

the showers. See text for details. Ref. [28]
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as a function of orientation of the crystal (Figure 2.7), provided the contribution of
Cherenkov light to signals. Results are shown for the “early” and the “late” components
of the showers. The latter measurements were performed by placing a 4 cm of lead brick
upstream of the crystal as shown in the sketch of Figure 2.7. A detailed overview of
these tests is available in Ref. [28]. These tests were performed only to assess the
capability of distinguishing Cherenkov lights by their directionality. When tests of
crystals along with the DREAM fibre module were performed, the mentioned other
three ways to separate the Cherenkov light from the scintillation light, were tested.

The applicability of PbW O, crystals for the DRO calorimetry was improved by
doping them with small amounts, O(1%), of molybdenum [29]. As beneficial effects,
the decay-time of scintillation light increased and the spectrum of emitted scintillation
light had been shifted to larger wavelengths. Calorimeter signals generated by 50 GeV
electrons traversing this crystal were measured. The crystal was oriented in such a
way to maximize the relative fraction of the Cerenkov light in the detected signals.
Almost the entire detected signal was due to prompt Cherenkov light when only UV
components were selected by means of an optical filter. On the other hand, the use of
a yellow transmission filter allowed to select only scintillation light with larger decay
time (~26 ns) as an effect of Mo doping. This is illustrated in Figure 2.8. Other tests
with BGO crystals for recognition of differences in signal time structures and spectral
compositions are described in Ref. [11].
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Figure 2.8: Average time structure of the signals, generated by 50 GeV electrons,
developed in PbW Oy crystal doped with ~1% Mo. The orientation of the crystal with
respect to incoming particles was 30° in these measurements. The blue and red spectra
were obtained with UV and yellow filters, respectively. Ref. [29]

After obtaining positive results from the tests of single crystals, the RD52 collab-
oration tested calorimeter systems with 19 PbW O, crystals and 100 BGO crystals,
forming two matrices as EM section, and the DREAM calorimeter, serving as hadronic
section [30, 31]. The DRO method worked (Figure 2.9) for this combined system.
Yet, after many studies, use of crystals was not likely the most promising solution to
achieve improvement in performance compared to that of the DREAM calorimeter.
The main problem observed was the attenuation of short-wavelength Cherenkov light
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due to absorption properties of crystals. Short A, of Cherenkov light caused depen-
dency of signals on the location of Cherenkov light production. Also, a large fraction of
light was sacrificed for sufficient Cherenkov signal extraction. These are the sources of
event-to-event fluctuations in signals due to low photostatistics. Studies showed that
for 50 GeV electrons, Cherenkov photoelectron (produced in PbW O, doped with 0.3%
Molybdenum) statistics allowed to achieve a resolution of 13.5%/vE (Figure 2.10).
Details of this analysis can be found in [30]. This result showed that with crystals the
DRO calorimeter performance can not go beyond that with fibres. Apart from above
mentioned sources of fluctuations, high-costs of crystals do not make it an option for do-
ing precision measurements with calorimeters in next generation collider experiments.
Rather, fibres are cost-effective solutions for scaled-up DRO calorimeters.
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Figure 2.9: The Cerenkov signal distribution for 200 GeV multi-particle events detected
in both BGO crystal and fibre calorimeter system (a). The distributions for subsets of
events selected on the basis of the ratio of the total Cerenkov and scintillation signals
in this detector combination (b). Ref. [11].

Use of fibres

Detector performance concerning the hadronic energy resolution had been significantly
improved in the RD52 fibre calorimeter (nine Pb based modules and two Cu based
modules) [32, 33] from the DREAM calorimeter by adopting several changes, listed
below, that were keys to reduce the lateral leakage fluctuation, Cherenkov LY limitation
and sampling fluctuation.

e Bigger detectors (of 9x~150 Kg + 2x~120 Kg instrumented mass compared to
~1030 kg of the DREAM calorimeter) offer better containment.
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Figure 2.10: The fractional width of the Cherenkov signal distribution, for 50 GeV
electrons traversing PbW O, crystal at 30 © with the beam line, as a function of amount
of energy deposited in the crystal, as derived from the scintillator signal. The PbW Oy,
crystal was doped with 0.3% Mo. Ref. [30].

e Replacement of quartz fibres by clear fibres with larger Numerical Aperture (NA)T,
because the LY increases with the square of NA; Use of super bialkali PMTs
with a factor 4 rise in quantum efficiency (33 C.p.e./GeV from 8 C.p.e/GeV);
~65% increment in Cherenkov fibre density; Aluminized upstream ends of ~1000
Cherenkov fibres in one Cu based module.

e A factor two increment in fs4,,, and considerable increment in sampling frequency
by individual embedding of fibres in absorber structure.

Tests with e~: RD52 fibre patterns (Figure 2.11) i.e., the individual embedding of
fibres in the absorber structure, offers two completely independent sampling structures
of showers with the scintillation and clear fibres. The phenomena underneath the light
production and collection for the two types of fibres are completely different [34, 35].
The combination (weighted mean) of the two signals provide significantly improved
response and energy resolution [32] compared to the ones obtained with the DREAM
calorimeter. Figure 2.12 shows the EM energy resolution measured with the RD52
fibre-sampling Cu module. The fit for the EM energy resolution obtained with the
Cherenkov channels shows a very small constant term. But for the combined signal,
which is the weighted average of the scintillation and Cherenkov signals, the slight
deviation has been caused by the impact point dependency of the scintillation signals
i.e., an energy-independent effect. The stochastic term for the combined EM energy
resolution is measured to be 13.9 %/v/E. Other interesting RD52 EM performances
and results can be found in Ref. [11, 32].

INA = sinf = \/(nzore —n?,,,), where 6 is the largest angle an incident particle can have for total

internal reflection in the fibre core.
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Figure 2.11: Distinct fibre patterns at the detector transverse planes for the DREAM,
RD52 copper and lead based fibre DRO calorimeters are shown. For comparison, the fi-
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and quartz fibres, respectively. All the distances (fibre pitch, dimension of geometry,
etc.) are in mm. Ref. [7, 8, 32, 33]
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Figure 2.12: The energy resolution obtained with the Cherenkov channels scales with
E~'/2. But for the scintillation and combined signals constant terms (intercepts in
vertical axis) are present. This has been caused by the impact point dependency of
the scintillation signals. The stochastic term for the combined EM energy resolution
is measured to be 13.9 %/vE. These are measured with the RD52 fibre-sampling Cu
module. Ref. [32]



State-of-the-art 29

Tests with 77: The hadronic performances of the RD52 fibre calorimeter were in-
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Figure 2.13: Front face of the RD52 fibre-sampling Pb module based on modular struc-
ture (a). Schematic representation of the cross section view of the module shows a ring
of five grey slabs, i.e., the leakage counters (b). Schematic representation of the side
view of the module shows four rings (c).

vestigated with Pb module based on modular structure, each of cross section (9.2 x
9.2) em? and 2.5 m long. Nine modules, each sub-divided in four towers, constitute
36 towers, each of size (4.6 x 4.6 x 250) cm®. In order to measure the shower leakage,
the calorimeter, on four sides, was surrounded by an array of 20 plastic scintillation
counters, each of (50 x 50 x 10) em3. Figure 2.13 shows the front face of the mod-
ular structure and two schematic sketches that illustrate locations of leakage counters
around the calorimeter. Each tower had two independent readouts, one for the scintil-
lation fibres and another for the PMMA based clear fibres. In total, 72 PMT signals
per event were generated. These signals were calibrated with electrons, whereas the
surrounding leakage counters were calibrated with muons. The energy escaped from
the calorimeter structure was partially measured in the leakage counters.

Energy reconstructed from raw data with the scintillation and Cherenkov channels
are asymmetric and indeed, much lower than the beam energy. These distributions
are shown (Figures 2.14a and 2.14b) for 60 and 100 GeV w~s. For same mentioned
energies, the distributions of the combined energy reconstructed with the DRO method
(Equation 2.5), with y = 0.45, are shown in Figures 2.14¢ and 2.14d.

Figure 2.15 shows that the hadronic energy resolution is significantly improved with
DRO corrections than that for individual Cherenkov signals and scales with E~!/2
without any energy-independent term. Though a stochastic term of ~70%/ V'E is quite
large, but further improvement has been observed in analysis where energy deposited
in the leakage counters has been taken into account.

Particle identification: The traditional way of incorporating the EM section (ECAL)
and the hadronic section (HCAL) longitudinally in a calorimeter system allows identifi-
cation of electrons and photons that are contained, fully, in ECAL. Hence, a separation
between electrons and hadrons is possible. This option for the PID is absent in the DRO
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Figure 2.14: Event-by-event distributions of energies reconstructed with the scintilla-
tion and Cherenkov channels for 60 GeV (a) and 100 GeV (b) 7~s. Gaussian energy
distributions, reconstructed with the DRO method, peak at 59.7 GeV with a resolution
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leakage fluctuation is the dominant limitation to the energy resolution. Ref. [36]
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method, since the calorimeter is longitudinally unsegmented. But there are several fas-
cinating ways to effectively distinguish electrons from hadrons with DRO fibre-sampling
calorimeters. Some of these methods, tested extensively with RD52 modules [33], are
listed here.

e Lateral shower profile: Unlike hadron showers, an EM shower is narrower and
confined near the shower axis. The fraction of total shower energy deposited
in the central tower, where the beam particles hit, is different for electrons and
hadrons (Figure 2.16a).

e Two independent signals: Only ultra relativistic particles (e~, e™) contribute
to the Cherenkov signals. On the other hand, both electrons and hadrons con-
tribute to the scintillation signals. So, an estimation of the ratio of the two signals
can separate electrons (C'/S = 1) from hadrons (C/S < 1) (Figure 2.16b).
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Figure 2.16: Particle identification studies, for 60 GeV electrons and pions, performed
with the RD52 fibre calorimeter. The distributions are a fraction of the total signal
recorded by the tower in which the particle entered (a), ratio of the Cerenkov and
scintillation signals (b), starting time of the scintillation signal in the PMT, measured
with respect to an upstream trigger signal (c), and ratio of the total integrated charge
and amplitude of the signal (d) Ref. [33]

e Signal starting time: The speed of light produced in fibres is lower than the
speed of particles that generate the light. Therefore, the deeper the light produced
inside a calorimeter, the faster it arrives to the photosensors. The starting time
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of a signal at the photosensors identifies the type of particle. Hadrons produce
light deeper inside a calorimeter, so the corresponding signals are initiated earlier
than that of electrons (Figure 2.16¢).

e Integrated charge over signal amplitude: The light is produced over a larger
region in depth for hadrons. So, the distribution of the integrated charge over
signal amplitude is broader for hadrons than that for electrons (Figure 2.16d).

The four methods consider different aspects of the shower and signal generation.
Hence, the cuts applied to these four distributions to flag electrons are not correlated
with each other. A combination of cuts provides high degree of accuracy in electron
identification with very little pion contamination wrongly identified as electrons. The
particular combination, (fiaticar > 0.70 AND fo/g >0.85 AND fiime >28 ns), for 60
GeV particles, selects more than 99% of electrons and less than 0.5% of pions.

Tests with SiPMs: Finer granularity of calorimeter system, for measuring lateral
components of showers, is a criterion in experiments at future Higgs factories. Silicon
PhotoMultipliers (SiPMs) [37, 38] are appropriate candidates to substitute PMTs as
photodetectors for the detection of the scintillation and Cherenkov lights, indepen-
dently, from corresponding fibres.

Potential advantages of using SiPMs are listed:

e Independence of magnetic fields.

e Low operating voltage (compared to PMTSs).

Compact readout.

At detector rear end, getting rid of unnecessary extra fibres (Figure 2.2) that may
catch particles unrelated to particle showers and hence, develop false signals.

e Cost-effective solution for large area application.
Some disadvantages are:

e Saturation effects (being a digital device) i.e., many photons for limited number
of pixels.

e Occurrence of optical crosstalk (contamination between scintillation and Cherenkov
lights), because the two types of fibres with totally different LY's are closely spaced
(~1-2 mm). An example of the detector geometry and readout is given in the
following paragraphs.

e Challenging design of the front-end electronics that has to be compatible with the
dimension of fibre spacing.

A very small, (15 x 15) mm? in cross section (i.e., 0.22-Rys) and ~112 cm deep (i.e.,
39- X)), fibre-sampling prototype, first time coupled with SiPM sensors was constructed.
It was tested with beams in 2017. Only a fraction (46%) of the EM shower, contained
within 22% of Rj;, was sampled with 32 polystyrene based scintillation and 32 PMMA
based clear fibres. These fibres were embedded in brass (Cu260) absorber structure.
Chessboard-like fibre patterns in the detector transverse plane is shown in Figure 2.17a.
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Figure 2.17: The pattern shows arrangement of the two types (2 x 32) of optical fibres
at the detector transverse plane. The fibre pitch is 1.5 mm (a). The two tier structure
with two separate arrays of SiPMs coupled with the Cherenkov fibres and scintillation
fibres (b). The fibres at the rear end of the brass module are coupled with the two tier
readout structure (c).

Each fibre was read with a single SiPM sensor (HAMAMATSU S13615-1025) with
an active area of (1 x 1) mm?, 1584 cells and a cell size of 25m. The photosensors were
mounted on a two tier structure (Figure 2.17¢) in order to avoid optical crosstalk be-
tween the two types of fibres. On the front-tier, SIPMs were connected to the Cherenkov
fibres. The scintillation fibres were channelised through holes interleaved with other 32
sensors equipped on the back-tier (Figure 2.17b). Some results from the laboratory
tests and beam tests are discussed here. A detailed overview can be found in Ref. [39].

Optical crosstalk: This test was carried out in the laboratory, where all except one
fibre tips at the front face of the calorimeter were masked. The unmasked fibre was
illuminated with a LED light and the signals in all 64 SiPMs were measured. The sig-
nal distribution was obviously concentrated around the illuminated fibre as displayed
in Figure 2.18 for 100k events. Similar were the observations for illumination of alter-
nate fibre tips. Analysis showed that when a scintillating fibre was illuminated, the
distribution of sum signals in the 32 Cerenkov fibres had a mean value of 0.3% of the
scintillation signal, and a rms value of 0.1%. These values set an upper limit to the
crosstalk, because it could have happened that a small fraction of the LED light di-
rectly entered a neighboring Cherenkov fibre. Another set of tests were performed with
125 GeV pt beams extracted from the SPS at CERN. These measurements exploited
the observations from studies of muons with the DREAM calorimeter, as references
for calculations. The observations of this set of tests with beams [39] were compatible
with that of the previous mentioned laboratory tests. The value 0.3 £+ 0.1% has been
considered as a measurement of crosstalk.

Light Yield: The Cherenkov LY measured with the SiPM sensors is 28.5 +2 Cpe/GeV
(Figure 2.18b). Taking into account the containment of this detector of only 46%, the
LY for the complete EM shower is estimated to be 64 £+ 2 Cpe/GeV. Excluding the light
contributon due to crosstalk this number is reduced to 54 + 5 Cpe/GeV, i.e., almost
twice compared to that measured with PMTs for the RD52 Cu-based module. Plugging
this higher LY in the measurement of the EM energy resolution obtained with the RD52
Cu-based module (Figure 2.12), a better stochastic term (12.5%/vE vs. 13.9%/V'E)
would have been achieved.
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Figure 2.18: Signals (colour axis) in 64 SiPM sensors due to illumination of single scin-
tillation fibre with LED light at the detector front-face. Rest of 63 fibre tips are masked.
The red box shows the maximum signal at the sensor connected to the illuminated fibre
(a). The average Cherenkov LY, measured in the SiPMs, as a function of electron beam
energy is constant within a band (shaded area) of 4+ 2 %. This shows that the average
shower containment is independent of the electron energy (b). Ref. [39]

Lateral shower profile: The narrow profile of an EM shower was a known fact. Stud-
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Figure 2.19: Percentage of total signal in fibre as a function of distance from shower
axis. The signals from individual fibres located in the same r-bin (e.g., 2-3 mm from
the shower axis) are summed, and the average value of these summed signals is plotted
as a function of r. Results, independently for both fibres, are from the test beam data
(a) and Geant4 simulation (b). Ref. [39]
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ies pursued with the SiPM equipped module, thanks to the excellent spatial resolution,
reveals that ~10% of the total shower energy is contained within ~ 1 mm from the
shower axis i.e., a significant percentage of particles’ energy is deposited in a single
fibre. This fact also points to a problem concerning the dynamical range (number of
cells/sensor) of the SiPM sensors, because it is a great deal to handle high single signal
in the very core of the shower (because of signal saturation) and a long tail of com-
paratively low signal in the hollow. 40 GeV and 10 GeV electron beams were used to
examine the lateral shower profiles (Figure 2.19a), separately and respectively for the
Cherenkov and scintillation channels. These results are in good agreement with the
simulation studies (Figure 2.19b).

2.2.3 State-of-the-art summary

The main problem of traditional hadronic calorimeters, e/h # 1, has been solved by
compensating calorimeters (Section 1.8.1). But the limitations in the energy resolution
for both the EM and hadronic showers and the challenges concerning the calibration
remain in this type of calorimeters. Longitudinally unsegmented, fibre-sampling DRO
calorimetry provides solutions to all these problems: (i) responses to the EM and non-
EM components of hadron showers are equalised offline, thus, the condition of compen-
sation (e/h ~1) is achieved; (ii) the effect of fluctuations in f.,, is eliminated with an
event-by-event measurement of the C/S ratio (Section 2.1), hence, a better hadronic
performance has been assured; and (iii) calibration constants, which are established
with electrons, also provide the correct energy for hadronic showers. Apart from these,
both fsump and the sampling frequency can be tuned in a DRO calorimeter. This may
offer an adequate EM energy resolution. Excellent e~ /hadron discrimination was also

‘ Calorimeter Fibres Dimension ‘ fsamp [70)] ‘ Beam test

DREAM ~36k ~10\; ~2 2003
Cu inside extruded rods

RD52 ~4.1k ~10XNnt ~4.6 2012
Cu embedded in sheets

RDb52 ~18.5k ~10 N\ ~5.3 2012
Pb embedded in sheets

RD52 SiPM 64 ~39X, 5-6 2017
Brass (Cu260) | embedded in sheets

Novel EM-scale ~3k ~53Xg, ~44X, ~3 2021
Brass (CuZn37) | loaded in capillaries

Table 2.1: A list of prototype detectors tested with beams in the last 20 years for
assessing the DRO calorimetry capabilities. The basic structures, lengths, sampling
fractions and testing times are listed. This thesis concerns the last one in the list.

demonstrated (Section 1.6). Further, excellent PID capabilities can be achieved with
a highly segmented measurement of the lateral shower profiles. The feature, better
granularity with more number of towers, is opening high possibility for longitudinally
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unsegmented, fibre-sampling DRO calorimeters to be important detectors in experi-
ments proposed at future circular eTe™ collider facilities (Chapter 3, Section 3.4).

In the last 25 years, R&D on the DRO calorimetry capabilities has achieved ma-
jor milestones towards fulfilling detector requirements imposed by the physics goals of
experiments envisaged at future circular ete™ collider facilities. A concise, recent re-
view of the workflow is well demonstrated in Ref. [40]. Table 2.1 lists the hardware
R&D activities conducted so far. The search for a cost-effective solution for large area
coverage led to the design and construction of a novel prototype calorimeter module
with fibre-sampling, DRO tower structures. In principle, the ultimate fine sampling
could be reached by individually reading out each fibre in a full containment module,
nevertheless a coarser granularity would likely be implemented by combining the analog
signals of 8 fibres before digitisation. Chapter 4 is dedicated to describe these projects,
recent work status and upcoming activities.



Chapter 3

Calorimetry in future colliders

3.1 Post-LHC era

In 2022, the Large Hadron Collider (LHC) [41] has started its last data taking before
upgrading to its High-Luminosity (HL) programme [42] and particle physicists are cel-
ebrating the tenth anniversary of the Higgs boson. It is the time to plan about next
collider facilities on which depends the future of collider particle physics. The Standard
Model (SM) [43], a theory behind the known elementary particles and three fundamen-
tal interactions, has been settled with the discovery of Higgs boson. But some questions
still remain after this discovery. These questions point to:

Lack of description about one of the four fundamental forces, gravitation.

Unexplained mass hierarchy of three generations of matter.

Masses of neutrinos.

Matter/anti-matter unbalance found in the universe.
e Origin of dark matter as well as of dark energy.

Intensity and energy frontier collider facilities (may) have the key to answer some of
these questions. There are few candidates on the table based on:

e Different beam configuration - linear or circular colliders.
e Different objectives - precision measurements and/or new discoveries.

For the first time in history of collider physics we don’t have a clear target towards the
energy scale but a versatile and as powerful as possible accelerator facility is of great
interest.

3.2 Circular over linear
In linear colliders two lepton (e, e™) beams are accelerated in LINear ACceler-

ators (LINACs) and made interact at one Interaction Point (IP). Superconducting
Radio Frequency (SRF) is the key technology for this. The main purpose of a linear

37
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ete™ collider is to serve as factories for mass-production of the Higgs boson as well as
top quark. The two candidates for future ete™ linear colliders are the International
Linear Collider (ILC) [44] and the Compact LInear Collider (CLIC) [45]. ILC features
17000, 1.3 GHz SRF cavities with 31.5 MV /m acceleration field. A global international
collaboration has been working on this project since two decades. The approach of
CLIC is different. It adopts a drive beam scheme to produce the main LINAC Radio
Frequency (RF). It has a design to operate in stages to reach 3 TeV energy.

The main advantages of a linear accelerator over a circular one [46] are (i) the absence
of synchrotron radiation, discussed later in this section, and hence comparatively less
electrical power consumption to reach the desired energy and larger /s reach and (ii)
easier longitudinal beam polarisation. The main challenge is the cost. It increases
proportionally with the center-of-mass energy and hence with the length. For different
physics programmes (at 250 GeV or 500 GeV) the costs of construction of LINACs and
associated power consumption will increase. One of the limitations of a linear ete~
machine is the fact that it can not be used to smash protons at a later stage. Protons
have to travel long enough through the machine to reach higher energies (around 100
TeV). To serve the purpose an estimated length of ILC is ~ 3000 km which is not
feasible. The independent focusing system with high degree of accuracy in calibration
is another challenge for linear colliders.

Lepton | Centre-of-mass energy (1/s) Dimension Proposed
collider (GeV] [Km] location
ILC 250 GeV-1 TeV 20.5 (length) Japan
CLIC 380 GeV-3 TeV 11-50 (length) CERN
p-collider 126 GeV-10TeV 0.3 (circumference) CERN
FCC-ee 88-365 GeV ~ 100 (circumference) | CERN
CEPC 90-250 GeV 100 (circumference) China

Table 3.1: Future linear and circular lepton collider candidates with planned centre-of-
mass energies, dimensions and locations. The last two in the list can be upgraded to

hadron machines, namely, FCC-hh and SPPC.

The future ctrcular colliders are synchrotron accelerators, inspired by the LEP-
LHC programme. These machines can work as precision instruments, like LEP, by
colliding two lepton beams and later, in the same tunnel, as hadron colliders, like LHC,
by colliding two proton beams. The two possible candidates are the Future Circular
Collider (FCC) and the Circular Electron Positron Collider (CEPC) [47]/Super Proton
Proton Collider (SPPC). It is important to understand the basic difference between a
lepton (e, 1) and a hadron (proton) collider.

Leptons, being elementary particles, interact with precise initial states. So the
energy involved in a collision is precisely known allowing to measure decay products
accurately. So these machines (FCC-ee, CEPC) work as precision instruments. Whereas
protons are composite particles made of partons (quarks, glouns). The center-of-mass
energy of an interaction is only a fraction of the beam energies. The cross section of the
interaction is determined by statistical distributions called as the Parton Distribution
Functions (PDFs). On the other hand, hadrons have advantages over leptons in high-
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energy reach and new discovery. A charged particle while rotating in an orbit, radiates
energy in proportion to the inverse fourth power of the mass of the particle:

AB = (%)4 « % (3.1)

where E is the energy of the particle and R is the radius of the orbit. This is called the
synchrotron radiation loss. So, for a given radius of the collider, particles with lighter
masses e.g. ¢~ or e’ can not reach higher energies as it requires huge electrical power to
compensate this loss. On the other hand, protons are 2000 times heavier than electrons.
So this loss is reduced by a factor of (2000)* compared to that in electron machines. As
a result, proton collisions can reach higher energies for same R of an electron machine
and have potential for direct discoveries. On the other hand, because of the large
value of R in FCC-ee and CEPC, AFE will be moderate and the required electrical
power will be affordable. Both FCC and CEPC/SPPC are designed to work in two
stages: as lepton (et-e7) colliders and as hadron (p-p) colliders with ~100 TeV energy
reach. All possible candidates for future lepton colliders with dimensions, operational
range of the centre-of-mass energies and planned locations are listed in Table 3.1. The
dependency of the integrated luminosity per beam power on the center-of-mass energy,
for all proposed machines, are shown in Figure 3.1.
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Figure 3.1: Integrated luminosity per beam power as a function of the center-of-mass
energy for different linear and circular colliders - present, upcoming and future candi-
dates. In the legend MC refers to the p-collider. Ref. [48]

The main advantages of circular over linear e*e™ machines are (i) much larger lu-
minosity below /s ~ 400 GeV (Figure 3.1), because of much higher collision rates by
adding continuous top-up injection to compensate for luminosity burn-off (i.e., the num-
ber of protons that are lost in collisions), (ii) a very precise measurement of the beam
energy [49], and (iii) the possibility to collect more data by having several interaction
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points. So these machines will be factories for mass-production of heavier particles, i.e.,
H, Z, W and t, of the SM. Also circular collider projects are being developed based on
mature technology.

Option with muons

The fact that muon (x) is 200 times heavier than e~ adds some attractive features to
the p-collider [48; 50, 51]. The synchrotron radiation loss is reduced by a factor of
(200)* compared to that in e~ machines. The s-channel cross section of u*pu~ — H is
also (200)? times larger than that of e"e™ — H. In Figure 3.1 we can see the rising
trend of the luminosity per beam power as a function of /s for the p-collider. Collisions
of 14 TeV muons are comparable to 100 TeV proton collisions [48]. The larger mass
makes muons interesting but unstable too, whereas an e~ lives forever. The need for
high luminosity faces technical challenges which arise from the short muon lifetime and
the difficulty of producing large numbers of muons in bunches with small emittance. A
proton-driven p-collider project, where muons are produced from pion decays, is under
studies. The cooling procedure before the muons decay is its biggest challenge. In Low
EMittance Muon Accelerator (LEMMA) project muons are produced with low emit-
tance using positron beams. The cooling is not required and the beam background is
lower. The muon current is O(107%) smaller than that in proton scheme. Significant
R&D is ongoing to reach an optimised design of the u-collider that will be a very high
energy lepton collider.

3.3 Future Circular Collider

FCC [52, 53, 54] is planned to be installed in a tunnel of about 100 km circumference
at CERN. The idea is to take maximum benefits from the existing infrastructures
(SPS, LHC, etc.). It will operate in two stages. The first, FCC-ee, is a luminosity
frontier electron-positron collider for precision studies and the second, FCC-hh, is an
energy frontier proton-proton collider for discovering new particles. High-temperature
magnets are the key technology for the second stage. The larger magnets will fit in
the 5.5 m inner diameter of the tunnel. Common experimental points are envisioned
with large enough caverns from the beginning, i.e., stage 1, to house larger detectors
of FCC-hh. FCC-ee and FCC-hh are highly synergic - these will share a common
civil engineering and technical infrastructures as illustrated in Figure 3.2. The figure
shows that the beams coming toward the IPs are straighter than the outgoing ones in
order to reduce the synchrotron radiation at the IP. The 2020 Update of the Furopean
Strategy for Particle Physics (ESPP)* prioritised the necessity of an electron-positron
circular collider as a first step towards highest energy hadron collisions and provided a
momentum in this project by highlighting the necessity of high precision measurements
of the properties of the Higgs boson. As a result, eventually, the FCC Feasibility
Study has been launched in 2021 and will continue for 5 years. In case of approval
the construction will start at the beginning of 2030s. FCC-ee will operate for 15 years
from 2045 to 2060 and FCC-hh will start its operation around 2070 for the following
25 years. FCC-hh will be followed by FCC-eh (ep, ePb) allowing heavy-ion collisions

*https://europeanstrategy.cern/home
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and electron-proton collisions at few TeV energies. So this facility has the potential to
serve the particle physics community till the end of 21st century.

3.3.1 Programme at FCC

FCC-ee [55], along with the Higgs boson (~125GeV), will also explore other heavier
particles (Z, W, t) of the SM and will act as Higgs, ElectroWeak (EW) and top factories
to study these particles with unprecedented precision. It will be designed to achieve
the highest luminosity and will operate at different centre-of-mass energies for different
programmes. In Table 3.2) the high statistics of produced particles (events/year) are
listed along with the centre-of-mass energy, the target luminosity, the integrated lumi-
nosity and the run time to complete the W, Z, H and top-quark programmes. Two or
four IPs are proposed for FCC-ee.

FCC-hh [57] will run with an order of magnitude performance increment than LHC
that is running at 14 TeV and ~0.4 ab~! in integrated luminosity (per experiment
over 15 years). So, these parameters for FCC-hh will be 100 TeV and ~20 ab~! (per
experiment over 25 years), respectively. It has direct search potentials and can produce
new particles with masses upto few tens of TeV. There will be a 100 times more Higgs
events with respect to the number expected in the HL-LHC programme. All decay
channels, in particular, H — vy, H - ZZ* — 4l, H — ptu~, H — Z~ — [Tl7~ are
foreseen to be investigated. Four IPs are proposed for FCC-hh.

3.3.2 Physics potential at FCC-ee

In this section, a brief overview of different measurements foreseen at FCC-ee will pro-
vide a flavour of its extraordinary physics potential [55, 56, 58].

High-precision EW and top physics
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Vs [GeV] | 90 (Z) | 125 (eeH) | 160 (WW) | 240 (HZ) | 350 (tt) | 350 (WW—H)
/1P [2210°%] 1.1.10% | 3810% | 87.10% [2.1.10% |  2.1.10%
[em 2571
Lins [ab™? 22 11 3.8 0.87 0.21 0.21
/yr/1P]
Events/yr | 3.7-1012 1.2-104 6.1-107 7.0-10° 4.2-10° 2.5-104
(4 IPs)
Time [yr] 2.5 1.5 1 3 0.5 3
(4 IPs)

Table 3.2: Centre-of-mass energy, foreseen luminosity, integrated luminosity, statistics
of produced particles (events/year) and run time for W, Z, H and top-quark programmes
at FCC-ee. Ref. [56]

FCC-ee will collect multi-ab~! (Table 3.2) of data at /s & 91 GeV (Z pole), 160 GeV
(WW threshold), and 350 GeV (¢t threshold) in order to measure key properties of the
W and Z bosons and of the top quark, as well as other fundamental SM parameters,
with unprecedented precision. Numerically, FCC-ee is foreseen to deliver ~ 10 times
the luminosity collected by LEP at the Z pole, i.e., about 1.5 x10'* Z — p*p~ or 777~
decays and 3 x10'2 hadronic Z decays. The huge data samples available at each /s
and the exquisite control of the centre-of-mass energy (at the 100 keV level) leading
to very accurate energy threshold scans, allows the experimental precision of many SM
parameters to be improved by a factor better than 25 with respect to the current state
of the art [56]. Some experimental precision targets at FCC-ee are 100 keV for m,
+500 keV for myy, £10 MeV for my, 3-107° for QED coupling o, one-permil for the
QCD coupling a; etc. These levels of precision can not be achieved at the LHC or other
ete” machines. Physics Beyond Standard Model (BSM) can therefore be probed, indi-
rectly, through loop corrections induced by possible new heavy particles [55]. At LEP,
BSM physics were bound at the New Physics (NP) scale A &~ 7 TeV, whereas FCC-ee
will have a reach of up to A ~ 100 TeV for some operators. High luminosity ete™ — Z
can produce 15 times the statistics of Belle-1I, for what concerns the B physics. Even-
tually, FCC-ee can cover the full programme of Belle-IT and LHCb [59].

High-precision Higgs physics

The Higgs sector of the SM can be probed at FCC-ee with a unique precision. The
Higgs production cross-section peaks at /s = 240 GeV dominated by Higgs-strahlung
(ete™ — HZ). At /s = 340-365 GeV, Higgs production can occur by vector boson
fusion (efe” — (VV — H)v.r,) and the top Yukawa coupling (ete™ — tf, with a
virtual Higgs exchanged among the top quarks). The Feynman diagrams for the Higgs-
strahlung and the vector boson fusion, the two most important mechanisms for Higgs
production at FCC-ee, are shown in Figures 3.3a and 3.3b, respectively. The total
cross section as a function of /s for these two processes is displayed in Figure 3.4. The
foreseen Higgs production at FCC-ee amounts to ~2 million at 240 GeV, 75 000 in
vector boson fusion at 350 GeV, 19 000 in the s-channel (ete™ — H) at /s = 125 GeV
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a) b)

Figure 3.3: Higgs production channels at FCC-ee: Higgs-strahlung (a) and WW fusion
(b).

(Table 3.2). The large data samples will allow a unique investigation of Higgs physics
topics, e.g., high-precision model-independent determination of the Higgs couplings,
Higgs self-coupling through loop corrections in HZ production, etc., to be carried on.
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Figure 3.4: The Higgs boson production cross section as a function of the centre-of-
mass energy in unpolarised ete™ collisions. The blue and green curves represent the
Higgs-strahlung and WW fusion mechanisms, respectively, whereas the red one stands
for the total production cross section. The two vertical dashed lines indicate the centre-
of-mass energies of choice at the FCC-ee for the measurement of the properties of the
Higgs boson. Ref. [55]

The total Higgs production cross section is determined from counting ete™ — ZH
events tagged with a leptonic Z decay, independently of the Higgs boson decay (ZH —
¢t~ X). Such an event with Z — p*u~ and the Higgs boson decaying hadronically
is displayed in Figure 3.5a. The mass (Mpeeoi;) Of the system recoiling against the
lepton pair can be measured with precision from the lepton momenta and the total
energy-momentum conservation:

m?%ecoil =5+ m2Z -2 \/g : EZ (32)
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where /s is the centre-of-mass energy while mz and Fy are the mass and energy of the
Z boson reconstructed with the two lepton tracks. mpgecoi of the system is equal to the
Higgs boson mass and can be measured as shown in Figure 3.5b. This allows a precise
determination of the HZ cross section (0gz) in a model-independent fashion. Under the
assumption that the coupling structure is identical in form to the SM, this cross section
is proportional to the square of the Higgs boson coupling to the Z (¢%,,). The Higgs
boson width can then be inferred by counting the number of HZ events with H — ZZ.
Under the same assumption, this number is proportional to ogz X I'y_zz/T g, hence
to g%IZZ /Ty. Therefore, I'y is extracted from the measurement of ggz7. A segmented
crystal calorimeter may play a crucial role in determining the recoil mass resolution of
Z — (4~ decays. A comparison of the foreseen relative uncertainties for the Higgs
boson couplings at HL-LHC, ILC and FCC-ee is shown in Figure 3.6.
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Figure 3.5: A schematic view, transverse to the detector axis, of an ete™ — HZ event
with Z — ptp~ and with the Higgs boson decaying hadronically (a). Distribution of
recoil mass against Z — p+pu~ determined from total energy-momentum conservation,
with an integrated luminosity of 500 f6=1. The peak around 125 GeV (distribution in
red) consists of HZ events. The backgrounds (distributions in blue and pink) originate
from ZZ and WW production (b). Ref. [55]

Loop corrections to the Higgs-strahlung cross sections at different centre-of-mass
energies are sensitive to the Higgs self-coupling. The effect is tiny but visible at FCC-
ee. At the energy frontier, only the FCC-hh has the potential to reach a precision of
the order of £5% in the determination of the trilinear ggyy coupling, in combination
with the precise Higgs decay branching ratio and top-quark EW coupling measurements
from the FCC-ee. The large Higgs data samples open up the way for studies of exotic
(e.g. flavour-violating Higgs decays) and very rare SM decays. The Higgs couplings to
the first- and second-generation fermions, that may reveal new dynamics on the flavour
structure of the SM, can be accessed via the exclusive decays H — V' (vector meson,
V = p,w, ®), with sensitivity to the u, d, s quark Yukawa couplings [60]. The most
promising channel is H — py, with O(50) events expected.
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Figure 3.6: Comparison of the expected relative uncertainties for the Higgs boson
couplings at HL-LHC, ILC and FCC-ee facilities. Ref. [56]

Direct searches : Dark Matter and Heavy Neutral Leptons

FCC-ee has a strong discovery potential in direct collider searches of possible BSM
signatures such as Dark Matter (DM) and right-handed neutrinos i.e., Heavy Neutral
Leptons (HNL) [56]. The invisible and very rare decay, Z,H — DM DM, provides the
best collider option to test DM lighter than my g /2. Similarly, measurements of rare
decays of the Z boson will enable direct searches for right-handed neutrinos with masses
below 60 GeV.

On the other hand, the main goal of the FCC-hh [57] collider is to push the energy-
frontier for direct searches. Apart from measuring the Higgs self-coupling, it will explore
the dynamics of the EW symmetry breaking. The high-statistics programme will allow
to search for decays with violations of the lepton number conservation, for H/Z invis-
ible decays and for decays where Weakly Interacting Massive Particles (WIMPs) are
produced. WIMPs can be linked to DM, neutrino masses or baryon asymmetry. The
FCC-hh may say final words about the thermal DM candidates - they either should be
discovered or ruled out. Single HNL produced in W or Z decays will also be studied at
FCC-hh.

3.3.3 Detector requirement

The precision physics programme at FCC-ee demands stringent requirements [61, 62]
for detector performances. The performance of heavy-flavour tagging, of particle identi-
fication, of tracking and particle-flow reconstruction, and of lepton, jet, missing energy
and angular resolution, need to match the physics programme and the exquisite statis-
tical precision offered by FCC-ee. For tracking performance a large solid angle coverage
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for Higgs decay products are needed as these are uniformly distributed over the full
solid angle because the scalar nature of Higgs boson. The requirements on the reso-
lutions on the track impact parameter are currently estimated to be about, or better
than o = a @ b/sin®?6, where 0 is the polar angle from the beamline, a ~ 5 ym and b
~ 15 pm. In addition to the measurement of the Higgs couplings to pairs of b quarks,
¢ quarks and gluons (high-performance flavour tagging) requirements on the vertex
detector will come from the measurement of heavy-quark electroweak observables for
which a huge improvement is expected compared to LEP. These measurements will
benefit from the large luminosity increase and improved detector technology.
The photon energy resolution of ~ % is required for measuring H — 7y channel.
Since about 25% of the jet energies is carried by photons, a good energy resolution, a
stochastic term of 15-20% for a resolution better than 3% for 50 GeV jets, for photons
is needed for a good measurement of jets. It is important to fully explore the hadronic
decays of Z, W and H. To clearly discriminate H — ZZ* — 4j and H — WW* — 4j
final states a jet energy resolution of ~ 30 — 40%VE is needed. This improvement
by a factor of 2 with respect to the traditional hadronic calorimeters running at LHC
machines is challenging.

A good separation of e/ , v/7°, e/, and an excellent separation of photons from
neutral hadrons are key ingredients for an effective particle-flow reconstruction. The
critical requirements, with the associated detectors, are listed in Table 3.3.

Benchmark Measured Required Critical

physics process quantity performance detector

ZH — ("X my, cross section A(%) ~2x107° P % Tracker
H— ptp” BR(H — pp~)

H — bb, cé, gg BR(H — bb, c, gg) o ~ 5P I#(;/qum Vertex

H — vy BR(H — ~v) 28 = 1;% P 1%(GeV) ECAL

* * UEjet ~ %
H—Z7Z*— 40 | BR(H — ZZ* — 40) Tt =2 % ECAL
H— WW* — 40 | BR(H — WW* — 4() HCAL

Table 3.3: Detector requirements, with respect to some benchmark physics processes,
at FCC-ee.

3.4 IDEA

CLIC-Like Detector (CLD) [63] and Innovative Detector for Electron-positron Accel-
erator (IDEA) are the two detector concepts that have been envisaged for evaluating
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detector performances, cost estimation and technical feasibility at future circular lepton
colliders i.e., FCC-ee and CEPC. They are typical detectors used in collider experi-
ments, with a cylindrical barrel region closed at the extremities by two endcaps, and
with an onion-like structure consisting of sub-detectors. IDEA [64] is proposed in the
Conceptual Design Report (CDR) of FCC and CEPC. The concept is innovative but
has been developed based on proven technologies over years of R&D and prototyping.
IDEA approaches to optimise standalone hadronic resolution by sampling the showers
with fibres exploiting the DRO method. On the other hand, CLD, based on the work
done for a detector for the CLIC collider, aims to explore the particle flow approach
i.e., to optimise the calorimeter granularity and complement energy measurements with
tracking information.

CLD is composed of silicon pixel vertex detector, silicon trackers, highly granular
calorimeter (tungsten-silicon ECAL, steel-scintillator Hadron CALorimeter (HCAL),
superconducting solenoid (2T'), yoke and muon detectors made of Resistive Plate Cham-
bers (RPCs).

and iron return yoke
fE——— pRwel| —
Dual-Readout Calorimeter
Solenoid
1 Drift Chamber
.| Vertex Detector 750 mrad
- i’.———-'l'—

(b)

Figure 3.7: Isometric view of IDEA - more than one quarter removed (a). A vertical
cross section showing the top right quadrant (b).

An isometric view of IDEA is shown in Figure 3.7a. A concise description of its
sub-detectors is pictured here.

e The innermost silicon vertex detector [65] is based on Monolithic Active Pixel
Sensors (MAPS) technology. It has a thickness of 0.15-0.30% X, a low-power
dissipation of 20 mW /em? and a high-resolution of a few um. The state-of-the-
art is adapted from ALICE inner tracker upgrade. Also INFN ARCADIA' has
performed several R&D activities on this type of detectors.

e An ultra-light drift chamber [65] surrounded by silicon micro strip wrapper will
serve the tracking purpose. To minimise multiple scattering in order to perform

fINFN CSN5 Call Project
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best possible momentum measurements only 2% X, material is added in the
volume. A very light gas mixture (90% Ar 10% iCyH oHe) fills the chamber. The
maximum drift timing is ~ 400 ns. Cluster counting/timing technique improves
PID (K/m separation).

e A 5m long, 4.2 m inner diameter, ultra-light (30 cm radial envelop) 2T solenoid
[65] surrounds the tracking system. With these dimensions, a yoke thickness of
less than 100 cm of iron is sufficient.

e Preshower detectors made of -RWELL chambers [66], a Micro Pattern Gaseous
Detector (MPGD) technology, are placed before IDEA calorimeter. In barrel
region magnet coils amount to 0.7 X, absorber and a layer of u-RWELL chambers
sit immediately after to detect the signals. In endcaps 1 Xy Pb absorber and a
layer of u~-RWELL chambers compose the preshower detectors.

e Fibre-sampling, capillary based, DRO tower structures constitute the IDEA calorime-
ter [67]. Capillary tubes made of copper and scintillation and clear fibres are cho-

200 IDEA Preliminary Jetclusteringon: | » f i
E True jets S o
w00 4 — i -
1600 ereT = 2 ) Cherenkov signal g f
§00 E- Scintillation signal § i
1200 F- DR correction < L
E 006
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euo? 004j—
600 — C
400? 00z
200— B
E o = C Lol [ IPUPRTATI PR IPRPRPIPN IR
%% 6 20 30 40 50 60 70 80 90 100 %o 70 B0 B0 100 M0 T2 130 140 150 160
Energy [GeV] Mass [GeV]
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Figure 3.8: IDEA calorimeter standalone simulation studies. Jet energy reconstruction
with DRO method (a). Ref. [65]. Separation of peaks of the W and Z bosons (b). Ref.
[67].

sen as passive and active materials, respectively. The calorimeter, that surrounds
the preshower, can measure, simultaneously, the electromagnetic and hadronic
components of particle showers. It foresees a good EM energy resolution of
~10%/vE and a good resolution around 30%/v/E for hadronic jets. Figures
3.8a and 3.8b illustrate jet energy reconstruction with DRO method and sepa-
ration of the W and the Z bosons, respectively, obtained by IDEA calorimeter
standalone simulation studies. The transverse granularity of around 1 mm allows
for a good separation capability also in the case of two close showers generated
by the decay of neutral pions (7° — 7). Figure 3.9 represents simulation studies
that show the separation of two closely spaced showers produced by two +’s. The
option of incorporating a homogeneous DRO ECAL section made of crystals is
also largely considered [67, 68]. While the fibre-sampling DRO HCAL allows to
maintain the hadronic energy resolution, the crystal option allows to improve the
EM energy resolution.
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Figure 3.9: IDEA calorimeter standalone simulation studies. Event displays of two
closely spaced showers produced by two 7’s from the decay of 100 GeV 7°. Ref. [13]

e To cover large areas for muon systems, u-RWELL detectors [66] have been chosen
as a cost-effective solution. It provides good tracking efficiency, precise spatial
and time resolution.






Chapter 4

Novel capillary-based tower
structures

An EM-scale calorimeter has been built, partially in Pavia, during the end of 2020 and
the beginning of 2021. The motivation to construct this module, instead of a hadronic-
scale one, has been to establish the proof-of-concepts for the construction technique of
a capillary-based tower structure and for building a highly granular module with SiPM
sensors. The EM-scale tower structures is a potential first step towards a capillary-
based, DRO, fibre sampling calorimeter for the IDEA detector at future circular ete™
collider facilities.

In Sections 4.1, 4.2, 4.3, and 4.4.1 design and dimension of the EM-scale calorimeter,
its Quality Assurance and Quality Control (QAQC) tests, readout and mechanical
construction in Pavia are described, respectively. On the other hand, in Section 4.4.2,
the ongoing activities on the production of scaled-up significant containment module is
reported.

4.1 Design and Dimension

The EM-scale calorimeter is an assembly of 2880 capillary tubes. Each capillary tube,
made of Brass (CuZn37), has an inner diameter of 1.1 mm with tolerance of + 0.1
mm and - 0 mm and an outer diameter of 2 mm with tolerance of + 0.05 mm. As a
consequence of capillary dimensions the sampling fraction of ~3% is slightly worse than
that of RD52 modules [32, 36] and the small Brass module with SiPM sensors [39]. The
EM-scale module consists of nine towers forming a 3x3 matrix in the transverse plane
of the detector. Tt has a transverse cross section of ~(10x10) cm?, where each tower
is ~(3.5x3.3) cm?. The eight surrounding towers are 1 m long, whereas the central
tower is 1.2 m long on purpose as described in Section 4.4.1. The module constitutes
of ~2-R);, where Rj; is 23.8 mm and ~44-X, for surrounding towers and ~53-X, for
the central tower, where the effective X is 22.7 mm.

Each tower, that produces two independent signals formed by scintillation light and
Cherenkov light, consists of 2 x 160 capillary tubes loaded with plastic scintillation
fibres and clear fibres, that act as active media. 320 capillaries, arranged in a staggered
architecture of 20x16 matrix, distribute the same type of fibres in alternate layers
forming 10 rows for each type of channel as shown in Figure 4.1. The tube pitch, 2

o1
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mm, is the side of an equilateral triangle, whereas the distance between two consecutive
sampling layers is determined by the height (‘/75 - side ~ 1.73 mm) of the triangle as
illustrated in the inset image of Figure 4.1.
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Figure 4.1: A single tower loaded with two types of fibres inside brass capillary tubes
in a 20 x 16 staggered arrangement. 160 fibres in ten rows of scintillation channels are
illuminated from rear end. The inset image shows that the geometrical dimensions of
the staggered structure, tube pitch of 2 mm and distance between sampling layers of
~1.73 mm, have been calculated by drawing an equilateral triangle.

4.2 Quality control

The tower structures were primarily constructed at Ruder Boskovi¢ Institute (RBI),
Zagreb. The brass capillary tubes were glued together with radiation resistant epoxy
to form the tower structures. An extensive description of the procedure taken place at
RBI for assembling the capillaries and the corresponding measurements can be found in
Ref. [69]. Dimensions, deformation and twisting of the tower structures were measured
in Pavia as a step of quality control. These measurements were performed with high-
performance linear height gauge*. These measurements were taken on a granite planar
table. The height of a ceramic gauge block, while placed on this planar table, was
calibrated to zero and it was the reference for our measurement system. In particular,
following quantities were measured on individual tower:

e Dimensions (both height and width).

*https://www.mitutoyo.com/products/small-tool-instruments-and-data-management/
height-gages-2/


https://www.mitutoyo.com/products/small-tool-instruments-and-data-management/height-gages-2/
https://www.mitutoyo.com/products/small-tool-instruments-and-data-management/height-gages-2/
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e Bending.
e Torsion.

For surrounding towers, height and width measurements were taken at 12 different
points on each side. For the 20 cm extra long central tower this number was 15. The
mean height and width of each tower are calculated as shown in Figure 4.2. The
measurements on one side of the central tower are shown in Figure 4.3. The nominal
values of heights and widths of the towers were calculated to be 34.91 mm and 33.00
mm, respectively. A maximum variation in tower to tower dimension of 220 pum was
measured. The maximum standard deviation in measurements of any individual tower
was 50 pum that guaranteed the required mechanical precision of the prototype detector.
Obtained numbers from these measurements are reported in Table 4.1. These values are
compatible with expected values and show a good dimensional uniformity throughout
all tower structures. Figures 4.4a and 4.4b gives an overview of these measurements.

The central tower

o h_1=(Up_1+Down_1)/2
@2 Up i o w_l=(Left_1+ Right_1)/2
®3 + height =3z Zh_i i=1..15
; 1 ..
height * width = c w_i 1=1.,15

Not to scale

Figure 4.2: 30 measurements are taken on both sides of the central tower to calculate
the mean height as well as the mean width.

Tower | mean height(mm) RMS(mm) | mean width(mm) RMS(mm)
nominal 34.91 - 33.00 -
TO 34.95 0.05 33.01 0.03
T1 35.00 0.05 33.07 0.02
T2 34.98 0.04 33.07 0.04
T3 34.96 0.04 33.06 0.02
T4 34.92 0.05 33.25 0.05
TH 34.95 0.05 33.23 0.10
T6 35.08 0.04 33.18 0.04
T7 35.08 0.03 33.19 0.04
T8 35.14 0.05 33.21 0.05

Table 4.1: Dimension measurements of nine tower structures.

Deformation and twisting of the towers, along heights as well as widths, were also
measured. Bending, a measure of deformation, is the difference between the maximum
and the minimum values taken on either sides. Torsion, a measure of twisting, is the
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difference between average values at two diagonal corners. The mean values turned out
to be a few hundreds and a few tens of pum, respectively, for bending and torsion. The
values are reported in Table 4.2. Finally, nine towers were arranged in such a way that
maximum uniformity in heights and widths could be achieved for the whole module
before interlocking the towers.

Tower 0 height

35.04

ss02 E

34.98
34.96
34.94

34.92

Along width of tower
(distance between measurements ~10mm)
n
o

1 34.88
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Along length of tower (distance between measurements ~30cm)

(a)

Tower 0 width
33.06

33.04
33.02
33

32.98

32.96

Along height of tower
(distance between measurements ~10mm)
n
o

0 0.5 1 15 2 2.5 3 3.5 4 45
Along length of tower (distance between measurements ~30cm)

(b)

Figure 4.3: Height (a) and width (b) measurements at 15 points on one side of the
central tower.

5

4.3 Readout

Position sensitive R8900 and extended UV sensitive R8900-100 PMTs from Hamamatsu
[70], with tapered voltage-divider bases (Figure 4.5 inset image), were used to read eight
surrounding towers. Sixteen PMTs were mounted forming eight scintillation and eight
Cherenkov channels. Before mounting, PMTs were qualified in Pavia. An experimental
set up (Figure 4.5) was prepared in order to perform linearity tests for PMTs. The
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Tower height width
bending(pum) torsion(um) | bending(um) torsion(um)

TO 160 6 119 o1
T1 154 20 128 26
T2 121 28 159
T3 113 2 129 9
T4 149 62 285 27
TH 158 15 288 104
T6 161 14 121 6
T7 148 54 125 24
T8 265 81 136 10

Table 4.2: Bending and torsion measurements along heights and widths.
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Figure 4.4: Mean heights (a) and mean widths (b) of the nine tower structures. The
horizontal lines refer to the nominal values.

light, produced by a light source (M10306-30)" and propagated through an optical
fibre, was received by a PMT window. In this chain a software-controlled attenuator
was used to tune the light intensity. The signal at PMT output was measured with an
oscilloscope. The signal amplitude as a function of ten different values of the attenuator,
i.e., corresponding light intensities (I = Ip-10~%5/20 [in arbitrary unit]) were measured.
These measurements were repeated for three operating high voltages (550, 600, 650 V)
of the PMT. Figure 4.6 shows three sets of measurements for a particular PMT. These
measurements were performed for all sixteen PMTs. PMTs were found to be linear
within 1%.

Kodak Wratten 2 nr. 3 yellow filters with optical coupling compounds on both
sides were mounted between Scintallation fibre bundles and PMT windows to cut off
the yellow component of light that were more affected by attenuation in fibres. An
attenuation plot of these filters is shown in Figure 4.7. Figure 4.8 shows the module

Thttps://www.hamamatsu. com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/sys/
SOCSO003E_PLP-10.pdf


https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/sys/SOCS0003E_PLP-10.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/sys/SOCS0003E_PLP-10.pdf
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Fibre Laser Diode Oscilloscope HV Supply

Picosecond Light Pulser  Attenuator

Figure 4.5: The experimental set up for qualifying the PMTs in Pavia laboratory. One
R8900 PMT with its tapered base is shown in the inset image.
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Figure 4.6: Measurement of the signal amplitude of a PMT as a function of the light
intensity.

Operating HV [V] 550 600 650
pl [mV/AU] | 280.4 £ 7.6 | 639.7 + 14.4 | 1347.0 £ 33.9
p0 [mV] 2305 £ 3.6 | -T1.2 £ 6.8 | -170.2 + 16.2

Table 4.3: The fitting parameters of Figure 4.6 for the measurements of the signal
amplitudes as a function of the light intensities controlled by the attenuator for a
R8900-type PMT.
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coupled with PMTs. 16 PMT outputs were fed to two Front End Electronics (FEE)
boards mounted on two patch panels. Fibres coming out of the central tower were
shielded inside a coverage (Figure 4.8 inset image) to be protected from accidental
damage by PMT cabling.

100
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Figure 4.7: The transmittance as a function of wavelength for Kodak Wratten 2 nr. 3
is shown (curve in blue). Ref.[71]

Figure 4.8: Sixteen PMTs are mounted on the module. Patch panels and electronic
boards are not yet mounted. The inset image shows the isolation of central tower fibres
from PMT cabling.

SiPMs were chosen to read out the central tower that has been configured as a highly
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granular tower. Each fibre of this tower, coupled to a single SiPM sensor, was read out
independently. The aim was to test an innovative readout technique for large number
and high density of channels. In the previous prototype of dimension ~ (1.5x1.5x100)
cm? [39], SiPM sensors, with a dynamical range of O(1k) and of 25 um cell size, were
used. It was definitely too limited, because 10% of the EM shower energy comes from
the very core of the shower, i.e., within ~ few mm from the shower axis. This time
the new SiPM sensors (S14160-1315 PS) from Hamamatsu had a dynamic range of
about a factor 5 larger (7800 cells/sensor vs. 1584 cells/sensor) and a cell size of 15
pm. At the time of integration, dimensions of available packages of SiPM sensors that
came with 15 pum pixel size, were not compatible with fibre pitches. This problem was
addressed by increasing the fibre pitches, thanks to the adoption of an interface. The
design is illustrated in the description of detector construction (Section 4.4). Figure
4.9 illustrates a mechanical drawing of the design of the full module which shows two
separate spaces allocated for the readouts of PMTs and SiPMs.

Light tight frame on the

Space for PMTs with cables
Fibres fromTO

\

interface for SiPMs

The central tower (TO)

Patch panel for PMTs
Space for SiPM readout

Figure 4.9: A mechanical drawing of the design of the EM-scale calorimeter prototype.
The extra long central tower (in green) is indicated. The fibres from the central tower

(in red) reach the FEE boards for SiPMs through the space allocated for PMTs and
their cabling.

Five FEE boards, each having 64 SiPMs, were attached to the interface of the central
tower. The optical cross talks between two types of lights reaching the same electronic
board and between lights in two consecutive electronic boards were avoided by a light
tight frame (Figure 4.10). Each FEE board was connected, via cables, to a FERS*
readout system, a product by CAEN. Two CITIROC1AT chips of each readout board
(A5202) was fed by 64 SiPMs i.e., 32 scintillation channels and 32 Cherenkov channels.
Each SiPM provided signals to two tunable gain charge amplifiers, namely High Gain
(HG) and Low Gain (LG). The HG spectra have been used to analyse the multi-photon
spectra and calculate the calibration constants (number of photo-electrons per ADC
counts), whereas the LG spectra have been used to extend the overall dynamic range.
In Figure 4.11a one FEE board cabled with one readout FERS board is depicted. In
Figure 4.11b the FERS system mounted to the EM-scale module is shown. The FEE
boards and the readout boards that operate the SiPM sensors have been developed by
the group from the University of Insubria, Como.

*https://wuw.caen.it/products/ab202/

Thttps://www.weeroc.com/my-weeroc/download-center/citiroc-1a/


https://www.caen.it/products/a5202/
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Figure 4.10: The light tight frame is mounted on the interface for SiPMs to stop light
contamination between two FEE boards and two types of lights on each board. FEE
board, the middle one, is mounted.

Readout Board
A5202

FEE - Board

(a) (b)

Figure 4.11: A5202 electronic board reads 64 SiPMs via FEE board (a). The prototype
detector is connected to the five A5202 readout boards that read out the SiPM signals
from the central tower (b).
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4.4 Mechanical construction and integration

4.4.1 Tower structures

We used BCF-10 plastic scintillating fibres from Saint-Gobain and SK - 40 plastic clear
fibres from Mitsubishi, both of diameter 1 mm. Using a rotary cutter tool clear fibres
were polished at the upstream ends i.e., the ends that were supposed to get exposed to
beam particles. Polishing was necessary to increase the NA of clear fibres, so that the
produced Cherenkov photons can fall inside the aperture and are captured inside fibres.
Nine towers, one by one, were prepared in Pavia and finally interlocked together to form
the compact module. Preparation of individual tower involved following procedures:

e Fibre insertion into capillary tubes: This step was performed manually. The
fibres were inserted into the capillary tubes, row by row, from the tower front face.
A little amount of instant adhesive was applied at the tips of the fibres (Figure
4.12a) just before pushing them completely inside the tubes. This was needed in
order to block fibre positions inside the capillaries. Loading of a single tower with
fibres took on average 3 hours.

(a)

Figure 4.12: Application of instant adhesive at the tips of the fibres for blocking their
positions inside capillaries (a). At the rear end two types of fibres are well separated
by a 3D printed holder with two holes (b).

e Separation and grouping: Fibres from each tower were separated at the rear
end to form two bundles, one of scintillation fibres and the other of clear fibres as
shown in Figure 4.12b. Eight 3D printed holders with two holes were prepared for
positioning of the bundles. Two bundles from each tower were inserted into the
holes of one holder and thus, were differentiated from each other. The bundles
were cut in short to get rid of extra fibres (Figure 4.12b).

A special treatment was required for the central tower that was 20 cm extra
long. As mentioned in Section 4.3, the fibre pitches had to be compatible with
that of SiPM sensors. To serve the purpose, an interface, made of Delrin®, with
320 holes (Figure 4.13) was prepared. It was a temporary solution for the EM-
scale calorimeter. For a scaled up full containment prototype module a different
approach will be adapted (Chapter 7). The above mentioned treatment also
allowed to keep the 320 fibres well isolated from each other and to separate the
readout for SiPMs from the PMTs.



Mechanical construction and integration 61

et aing

Figure 4.13: Rear end of the central tower. 320 fibres are well separated using an
interface for one to one correspondence with SiPM sensors. Fibres are distributed in
five layers. Each layer has 32 scintillation and 32 Cherenkov channels.

e Gluing: Each tower was aligned vertically, with rear end fibres pointing down-
wards, using a metallic support. Small teflon containers were used for application
of glue at edges of fibre bundles. We used BC-600 optical cement [72] from Saint-
Gobain that is a clear epoxy resin formulated specifically for making optical joints
with plastic scintillators. This low viscosity adhesive was pushed inside the con-
tainers with syringes (Figure 4.14a). Due to viscosity the glue rose up (Figure
4.14b) and was set in 24 hours. The containers were then removed (Figure 4.14c).
This process was repeatedly performed for eight surrounding towers.

() (b) () (d)

Figure 4.14: Application of optical cement using syringes while tower is aligned vertical
(a). Rising up of glue due to viscosity (b). Removal of teflon containers after setting
up of glue (c). Grouped, glued fibres after milling are ready to be coupled with PMT
windows (d).

Again, a special treatment was required for the central tower. The distribution
of glue, in this case, took two days. Optical cement was applied on both sides of
the interface with 320 holes. Firstly, dips at one side of the interface were filled
up with the glue (Figure 4.15a) and left for 24 hours to set. Then the tower was
turned upside down and ten small white frames, were installed around the holes.
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Figure 4.15: Special treatment for the central tower: Application of glue into the dips
(a). Application of glue inside frames (b). Polished surface after machining. 2 x 160
fibres, arranged in 2 columns (S and C channels) with adjusted gaps, are ready to be
coupled with SiPM sensors (c).

The optical cement was distributed inside these frames (Figure 4.15b) and left
for another 24 hours to set. This procedure ensured that fibres were well glued
inside the holes. Another reason was to develop some material around the fibres
on the back surface of the interface in order to perform milling (next step) for
smoothing the surface without damaging the fibres.

e Machining: It was the final important step towards the preparation of individual
towers. 16 glued bundles of fibres inside the holders and the back surface of
the interface in the central tower were milled to remove unnecessary materials
(white frames, glued fibres). Polished, smooth surfaces were obtained for efficient
coupling with PMT windows and SiPM sensors as shown in Figures 4.14d and
4.15¢, respectively.

The design of the mechanical supports were finalised both for the module and FEE
for the light sensors to sit. The mechanical finishing was done by bringing all nine

towers together on the support and interlocking them in a compact structure (Figure
4.16).

4.4.2 Hadronic-scale module

After testing the EM-scale module with beams (Chapter 6), the next obvious step is the
construction of a module with a similar design, i.e., use of capillary tubes and highly
granular readout, for a significant containment of hadron showers. Several steps have
already been taken in that direction. This project is referred to as High-Resolution
Highly granular Dual-Readout Demonstrator (HiDRa) [73]. So far, the prototype mod-
ules, built by DREAM and RD52 collaborations, were too small in the lateral dimen-
sions for a good containment of a hadron shower. So, HiDRa (~65 x 65 cm? in cross
section and 2.5 m long) will be the first fibre-sampling design for a sensible hadronic
shower containment. HiDRa has been approved by INFN C'SN5 in 2021 and it is a
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Figure 4.16: The EM-scale 3 x 3 tower structure before coupling with light sensors.
20 cm longer central tower is highly granular as there is one-to-one correspondence
between fibres and SiPMs. The fibre bundles in external towers are well separated
before coupling with PMT windows. The inset image shows the front face of the 3 x 3
tower structure.

three-year programme with a workplan over the period 2022-2024. An international
collaboration is participating to the advancement of this project. It involves six INFN
units (Bologna, Catania, Milano, Pavia, Pisa and Rome), the University of Sussex,
the UTFSM of Valparaiso, a cluster of universities in South Korea and the CalVision
collaboration in the US.

Unlike the EM-scale ptototype, all the mechanical construction activities, from the
procurement of capillary tubes and their QAQC tests to the final assembly of the
tubes, are going to be performed in Pavia. The proof-of-concept of the new assembly
procedure has already been established with 20 cm long stainless-steel capillary tubes.
Tubes with different combination of inner and outer diameters have been considered.
The final values, 1.1 mm and 2.0 mm for tubes’ inner and outer diameters, respectively,
were chosend based on physics and technical requirements, that will be described in
Chapter 5.

The mean outer diameter of 20 cm long capillary tubes was estimated to be 1.996
mm (2 mm - 4 ym) with a standard deviation of 2 pym (Figure 4.17a). The mean value
is compatible with the detector requirements and the standard deviation is well below
the needs for reaching the needed mechanical precision. The tools for tube handling
with a vacuum system and for tube gluing, are shown, for 20 cm long capillaries, in
Figures 4.18a and 4.18b, respectively. A support with reference plates (Figure 4.18c),
for the preparation of staggered tube layers, was built. The vacuum system deposits
a layer of glued tubes on top of the previous one kept in the reference assembly tool
as shown in Figure 4.18d. The design of tools for QAQC studies, gluing and module
assembling are qualified and feasible to scale up for large scale production with 2.5 m
long tubes.

1250 samples of 2.5 m long stainless-steel capillary tubes, have arrived in Pavia
(Figure 4.19a) and amongst them 150 have been inspected so far (October, 2022). The
mean outer diameter of these is measured to be 2.022 mm (2 mm + 22 pm) with
a standard deviation of 2 pm (Figure 4.17b). These numbers are compatible with
expected values of 2.00 = 0.05 mm. Large scale production will be taking place on
a granite table in a clean room in Pavia. A system for automatic measurement of
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Figure 4.17: The outer diameter of 20 cm long capillary tubes measured for a sample
of 100 tubes. The mean outer diameter is estimated to be 1.996 mm with a standard
deviation of 2 ym (a). The outer diameters of 2.5 m long capillary tubes measured for
a sample of 150 tubes. The mean outer diameter is measured to be 2.022 mm with a
standard deviation of 2 pm (b).

(b)

Figure 4.18: Capillaries are aligned on support before gluing (a). Vacuum system picks
up the layer of capillaries for glue application. Inset image shows plastic plates prepared
with double-sided scotch tape (b). Reference tool with, at one end, plates for staggering
tubes along the length in order to couple to SiPMs (c). Vacuum system deposits the
layer on top of previous layer to form staggered structure (d).
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tubes’ diameters (Figure 4.19b), vacuum system for tube handling and glue application
and L-shaped support for achieving high mechanical precision in module construction
(Figure 4.19¢) have been developed. We also installed a system for checking horizontal
and vertical alignment within 20 pm (Figure 4.19d).

Figure 4.19: 2.5 m long stainless-steel 304 capillaries arrived in Pavia (a). System
for automatic dimension measurement is installed (b). Vacuum system (hanging) for
gluing capillaries to form one layer and L-shaped support (laying on granite table) to
prepare the calorimeter structure (c). System for horizontal and vertical alignment of
the supports (d).






Chapter 5

Simulation and studies for
capillary-based modules

A Monte Carlo Geant4 (G4) simulation package* has been developed in 2020 in order
to study the expected performance of the EM-scale calorimeter, for different conditions,
prior to the beam test that has been carried out in 2021. In this simulation, detector
dimensions are defined as that of the EM-scale calorimeter (Section 4.1). Scintillation
and clear fibres are built with G4-materials, Polysterene and PMMA, respectively.
The physics processes in the simulation has been defined by FTFP_BERT physics list
that contains all standard em processes and the Fritiof model [74] that is coupled to
Bertini-style cascade [75]. FTFP_BERT is the default physics list used in simulations
by CMS and ATLAS collaborations. Unlike the real module where both PMTs and
SiPMs are used, in this simulation lights from all 2880 fibres are collected by only
SiPM photo-sensors. The simulated data are produced for point-like (0.1 mm) electron
beams of 10 GeV energy (if not mentioned otherwise) with 10k event statistics for
different geometries of the capillaries, different passive absorbers and different detector
orientations with respect to the incoming particles.

I performed analysis of simulated data for the EM-scale calorimeter and the results
are discussed in Sections 5.1, 5.2 and 5.3. Section 5.4 is a report on my work on the
development of Geant4 geometry for scaled up full containment calorimeter module.

5.1 Different geometries

As the EM-scale module (Chapter 4) is a proof-of-concept for construction of a larger-
scale full containment module, it is important to explore the effect of different types
of geometries of the capillaries on the EM shower energy, leakage energy, sampling
fractions and the dual signals. Three different geometries that have been studied are
following;:

e Capillary tubes without mechanical tolerance and air between tubes (perfect ge-
ometry).

e Capillary tubes with 50 ym mechanical tolerance and air between tubes.

*https://github.com/lopezzot/DREMTubes
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e Capillary tubes with 50 ym mechanical tolerance and copper between tubes.

Implementation of mechanical tolerance causes smearing of diameters of capillaries.
The diameter, d, becomes d + dx, where dx can take any value between 0 and 50 pm.
Varying diameters have impacts on detector performances. On the other hand, studies
with perfect geometry provide the effect of empty space between the capillaries. For
these studies capillary tubes are built with copper and the module orientation is 1°
with respect to the incoming particles, both in horizontal and vertical planes.

Figures 5.1a and 5.1b show event-by-event distributions of the total energy deposited
in the EM-scale module and the energy brought by the particles leaking out the mod-
ule, respectively, for perfect geometry of the capillaries. The containment is measured
to be ~94.5% with a standard deviation of 87.3 MeV. The leakage energy is ~5.3%
with a standard deviation of 78.17 MeV. These values are as expected according to the
detector geometry and dimension. The discrepancy of ~0.2% is a measure of albedo
that is the back scattering of soft photons through the front face of the module. These
photons are counted neither as deposited particles in the module nor as escaped ones.
The containment increases to ~94.6% for capillaries with 50 gum mechanical tolerance
and ~96.1% for capillaries with 50 gum mechanical tolerance and with presence of Cu
between the capillaries, whereas the leakage energy reduces to ~5.2% and ~3.7%, re-
spectively. The amount of back scattering of soft photons is measured to be same,
~0.2%, for all three geometries. The numbers with standard deviations are reported in
Table 5.1.
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Figure 5.1: Simulation studies for perfect geometry. Event-by-event distributions of the
total energy deposited in the EM-scale module (a) and the energy of particles leaking
out the EM-scale module (b).
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Figures 5.2a and 5.2b show event-by-event distributions of fraction of the total
shower energy sampled by the scintillation fibres and clear fibres, respectively, i.e., a
measure of fsump. It is measured to be ~2.3% and ~2.9%, respectively for scintillation
and Cherenkov channels for perfect geometry of the capillaries. For the other two
geometries fsqump, for both channels, becomes smaller. In particular, for the presence
of Cu between the capillaries, the values are ~1.8% and ~2.2% for scintillation and
Cherenkov channels, respectively. The numbers are reported in Table 5.2.
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Measured quantity Tolerance
10k e~ events [Zero| + air | [50 pm] + air | [50 pym] + Cu
Average shower energy [MeV] | 9449 + 87 9457 + 86 9611 + 80
Average leakage energy [MeV] | 529 + 78 520 + 76 367 + 68

Table 5.1: The shower energy and the leakage energy measured from simulation studies
are reported for perfect geometry, capillaries with 50 pum mechanical tolerance and
capillaries with 50 um mechanical tolerance plus Cu between the capillaries.
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Figure 5.2: Simulation studies for perfect geometry. Fraction of the total deposited
energy sampled by the scintillation channels (a) and Cherenkov channels (b). The mean
values of these distributions are estimation of sampling fractions (for e™), separately,

for two the channels.

Measured quantity Tolerance

10k e~ events [Zero] + air | [50 pum] + air | [50 pm] + Cu
< fsamp > (S) [%] | 2.3+ 0.0 2.2 4+ 0.0 1.8 £ 0.0
< foamp > (C) [%] | 2.9 £ 0.0 2.6 &+ 0.0 2.2 4 0.0

Table 5.2: Sampling fractions, separately, for scintillation and Cherenkov channels mea-
sured from simulation studies are reported for perfect geometry, capillaries with 50 pym
tolerance and capillaries with 50 pum tolerance plus Cu between the capillaries.
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Scintillation and Cherenkov signals are separately measured by summing up the
individual signals in all fibres. Cherenkov signals are proportional to the number of
cherenkov photons. Hence, the number of Cherenkov photoelectrons (C.p.e.) produced
by the SiPMs is the measure of Cherenkov signals in the simulation. On the other hand,
the number of scintillation photons is less important in measurement of Scintillation
signals. These photons are emitted isotropically, hence, the scintillation signals are,
approximately, proportional to the amount of energy deposited in these fibres. The
problem of light saturation by densely ionising particles, as described by Birks’ law
(Equation 5.1), is taken into account [76].

dL _ dE/ds
de 1+ kp-dE/dx

(5.1)

where L is the amount of light produced by a particle of energy E and kg is Birks’
constant which is a material property. So, the amount of saturated energy in the fibres
is a measure of scintillation signals in the simulation. Figures 5.3a and 5.3b show event-
by-event distributions of sum of scintillation signals and sum of Cherenkov signals in
all fibres, respectively. For perfect geometry the amount of these signals are 208.6 (a.u)
and 225 (C.p.e.). Signals have direct correlation with fsgmp. S0, like foamp, signals also
decrease in the other two geometries. The values are reported in Table 5.3.
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Figure 5.3: Simulation studies for perfect geometry. Total signals in Scintillation chan-
nels (a) and Cherenkov channels (b).

fsamp 18 a determining factor for the acsEM energy resolution (Equation 1.10) of
a calorimeter. A better sampling fraction, hence, larger detector response, is an obvi-
ous choice for construction. So, with these results the idea of filling the gaps between
capillaries with absorber materials for both the EM-scale and large-scale module con-
struction has been discarded. For the studies mentioned in the next sections, mechanical
tolerance has not been implemented to the capillaries.
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Measured quantity Tolerance
10k e~ events [Zero] + air | [50 pm] + air | [50 pum] + Cu
<Scintillation signal> [a.u.] 208.6 £ 17.3 | 200.6 £17.0 | 1694 4+ 16.4
<Cherenkov signal> [# of C.p.e.] | 225.0 + 27.8 | 210.0 £ 27.1 | 175.0 £+ 24.7

Table 5.3: The dual signals measured from simulation studies are reported for perfect
geometry, capillaries with 50 pum tolerance and capillaries with 50 pum tolerance plus
Cu between the capillaries.

5.2 Different absorbers

A set of studies have been investigated to select passive detector materials for the con-
struction of EM-scale and hadronic-scale calorimeters. For these studies any tolerance
has not been applied to the capillaries. For references, relevant material properties of
five passive absorbers and two fibre constituents are listed in Table 5.4.

Material Composition and Density Xo Ry
Atomic number (Z) [g:em™3] | [em] | [cm]

Brass Cu(29):Zn(30)::70:30 8.53 1.492 | 1.64
Cu 29 8.96 1.436 | 1.568

Fe 26 7.874 1.757 | 1.719
Inconel718 | Fe(26):Cr(24)Ni(28)::33:17:50 8.2 1.634 | 1.66
S. Steel Fe(26):Cr(24)Ni(28)::74:18:8 8 1.740 | 1.689
PMMA H(1):C(6):0(8) 1.19 | 34.07 | 8.422
Polystyrene H(1):C(6) 1.06 | 41.31 | 9.409

Table 5.4: Some material properties of five passive absorbers and two fibre constituents.
The values are taken from the Particle Data Group (PDG).

5.2.1 Sampling fraction and stochastic term

Values of fyump for showers developed by MIPs in different absorbers (brass, Cu, Fe,
Inconel718 and stainless-steel) as a function of the dimension of capillaries have been
calculated analytically. The outer diameter of the capillaries has been increased from
1.6 mm to 3.0 mm in a step of 0.2 mm, whereas the inner diameter is kept fixed at
1.1 mm. In Figures 5.4a and 5.4b calculated fs.mp,, separately and respectively for
scintillation and Cherenkov channels, as a function of outer radii of capillary tubes
are shown. In these plots, it is seen that for higher diameters of capillaries, fsum, for
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different absorber materials merges. At 2 mm outer diameter (the dimension selected
for prototype construction), fsum, for the five materials ranges from ~ 2.5% to ~ 2.8%
for the scintillation channels and ~ 2.9% to ~ 3.2% for the Cherenkov channels.
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Figure 5.4: Analytical calculations. Sampling fraction for MIPs, in different absorber
materials, as a function of outer radius of the capillaries. Sampling fractions are mea-
sured separately for the scintillation channels (a) and Cherenkov channels (b).
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Figure 5.5: Simulation studies for 10 GeV electrons. Sampling fraction for the scin-
tillation and Cherenkov channels as a function of absorber materials with 2 mm outer
diameter of the capillaries.

Values of fsqmp for electrons as a function of different materials have been extracted
by the simulation. Figure 5.5 shows this study where fsqm, ranges from ~ 2.3% to
~ 2.6% for the scintillation channels and ~ 2.8% to ~ 3.1% for Cherenkov channels.
These numbers for e~s are in good agreement with analytical studies for MIPs.

In Section 1.5 we have seen that fy,,, for MIPs and the dimension of active layers
(d), fibre diameter in our case, determine the stochastic term of energy resolution
(Equation 1.10). fsamp for MIPs is ~3% for both channels (Figure 5.4) and d equals to
1 mm for the EM-scale module. These lead to a stochastic term of ~15.6%. Simulation
has been performed for electrons (0.5 GeV to 15 GeV) steering at the centre of the

1.5
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brass module. Electrons of 10 GeV are used to calculate the calibration constants (Kg,
K¢). Kg and K¢, separately and respectively for scintillation and Cherenkov channels,

are calculated as:
< Ssum >S,C

5.2
< Edep > ( )

sc =
where Ey.,, is the total deposited energy in the calorimeter and S, is the sum of signals
extracted from all the fibres. For other energies (can be considered unknown due to
the impact of the energy leakage), signals are reconstructed event-by-event using Kg c.
The reconstructed o /E as a function of particle energy, for the two channels are shown
in Figure 5.6. Linear fits estimate the energy resolution measured by the scintillation

and Cherenkov channels as 21%/v/E and 23%/+/E, respectively.
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Figure 5.6: Electromagnetic energy resolutions obtained with scintillation and
cherenkov channels are measured to be 21%/+vE and 23%/+/'E, respectively. The reso-
lution improves significantly to 15.6%/+vE when the results from the two independent
channels are combined.

The results from these two independent channels are combined by performing a
weighted average (E(stc)). Also the weighted standard deviations (o(s1¢)) are calcu-
lated.
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Reconstructed o(s4.c) / E(s;c) are plotted in Figure 5.6 and the linear fit determines a
significantly improved energy resolution of 15.6%/ VE that is in good agreement with
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the analytical observation mentioned before. The stochastic terms, for individual signals
(S, C) and the combined signals (S+C), have been measured for absorbers made of Cu,
Inconel, Fe and stainless-steel. The values are similar (Figure 5.7) to those found for
brass.
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Figure 5.7: The stochastic terms, obtained for scintillation, Cherenkov and the com-
bined signals, are comparable for the chosen different absorber materials.

5.2.2 Activated fibres and signals

The map of activated fibres in the transverse plane of the EM-scale calorimeter and
the amount of signals in these fibres are observed. As mentioned in Section 5.1, the
amount of energy deposited, taking into account the light saturation in scintillation
fibres and the number of C.p.e. in clear fibres, are measures of the scintillation and
Cherenkov signals, respectively. In Figures 5.8 and 5.9, the X — Y plane represents the
transverse plane of the module and the Z-axis represents the amount of signal, for single
event, in fibres. Only the activated fibres are displayed in the plots. Amongst different
absorbers, the signal is found to be the maximum in brass for scintillation channels
and in stainless-steel (568 C.p.e.) for Cherenkov channels. Here, the 3D signal maps
are displayed only for brass and stainless-steel, separately for scintillation (Figure 5.8)
and Cherenkov (Figure 5.9) channels. It is apparent in these four distributions that a
significant amount of EM-shower signal comes from a single fibre. This effect is more
evident for scintillation fibres.

The number of activated scintillation and clear fibres as a function of different ab-
sorber materials are plotted in Figure 5.10. These numbers are lower for the Cherenkov
channels, because the LY is smaller in clear fibres compared to that in scintillation
fibres, as shower particles only with v > ¢/n produce a detectable signal. The ratio of
the number of activated scintillation fibres to that of clear fibres is ~1.3 for the brass
module. This ratio varies between 1.3 and 1.5 for Cu, Inconel718, Fe and stainless-steel.
For these studies, LYs are calculated analytically. These are determined, typically, by
the calibration of photosensors (e.g., SiPMs) with test-beam data. For this simulation,



Different absorbers 75

signal_fiber by fiber S hs2D
Entries 1440
Mean x 4.71
. |Meany  -3.696
“JstdDevx 9.152
e Std Dev y 10.1

S signal (a.u.)

(a) Brass

signal_fiber by fiber_S hs2D

Entries 1440
Mean x 2.44
Meany  -6.133
StdDevx 1093
StdDevy 9.505

S signal (a.u.)

(b) Stainless-steel

Figure 5.8: 3D-maps of scintillation signals for 10 GeV electrons. Activated fibres are
illustrated in X-Y plane. Z (color) axis represents the amount of signal, i.e., the energy
deposited, taking into account the light saturation, in a fibre. Distributions are shown
for brass absorber (a) and stainless-steel absorber (b).
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LYs are taken from the previous beam test (Section 2.2.2), and modified taking into
account the better efficiency of SiPMs chosen for the EM-scale calorimeter and the re-
duction in fsump. The plugged-in values in simulation are 80 scintillation ptotoelectrons

per GeV and 45 C.p.e per GeV.

Conclusion: f,,, and the signals are measured to be little better for stainless-
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Figure 5.9: 3D-maps of Cherenkov signals for 10 GeV electrons. Activated fibres are
illustrated in X-Y plane. Z (color) axis represents the amount of signal, i.e., the number
of C.p.e. in a fibre. Distributions are shown for brass module (sum of signals is 485
C.p.e.) (a) and stainless-steel module (sum of signals is 568 C.p.e.).
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Figure 5.10: Number of activated scintillation and clear fibres as a function of the
chosen different absorber materials.

steel and brass, for both scintillation and Cherenkov channels. The measures of the
effective Xy for an EM-scale calorimeter made of stainless-steel and brass are 26.1 mm
and 22.7 mm, respectively. A 1.2 m long module contains ~46-X, and ~53- X, respec-
tively for stainless-steel and brass absorber. So, brass has been selected as a better
candidate than stainless-steel. For the upcoming hadronic-scale full containment mod-
ule introduced in Section 4.4.2, stainless-steel has been selected as passive absorber.
The performances of these two are measured to be comparable and for a cost-effective
solution 304 stainless-steel has been the final material choice.

5.3 Angular dependence

For spaghetti type calorimeters, detector performance is sensitive to the angle of inci-
dence of the incoming particles for two main reasons:

e Cherenkov emission is a directional phenomenon. The Cherenkov photons pro-
duced in extremely collimated, early shower components, fall outside the NA of
the clear fibres. So, the calorimeter response is completely insensitive to these
photons.

e The so called channeling effect may take place. At the detector front face, if
a particle impinges on a fibre at 0° with respect to the fibre axis, instead of
producing a shower it may travel through out the fibre and reach the photosensor
at detector rear end, causing oversampling.

A solution to these problems is to apply rotation to the detector. It will allow to
trap the above mentioned Cherenkov photons and channeling (or over sampling) will
not happen. Brass is chosen as absorber material for this study. The goal is to observe
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Figure 5.11: Simulation studies with 10 GeV e~ beams are performed to measure the
angular dependence of detector performance. Shower energy (a) and the energy sampled
with scintillation and Cherenkov channels (b) as a function of detector rotation both
in horizontal and vertical planes are shown.
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the angular dependence of detector performance. The shower energy and the energy
sampled by scintillation and Cherenkov channels are measured as a function of angle
(from 0.5° to 30°) by which the detector is rotated both in horizontal and vertical
planes.

In Figure 5.11a it is shown that the energy deposited in the module has higher values
at 0.5° and 1° angles. Figure 5.11b shows that the shower energy sampled by the clear
fibres also has higher values at smaller angles. On the other hand, the shower energy
sampled by the scintillating fibres is comparable at 1° and 10° angles. This behaviour
is not yet understood.

(a) (b)

Figure 5.12: Visualisation from simulation. The effective length of the module seen
by the showering particles reduces with increment of angle of rotation applied to the
module. Longitudinal shower size is illustrated when the module is rotate by 1° (a) and
30° (b) in both horizontal and vertical planes.

For geometrical reasons, for angles larger than 10° the effective length of the module
seen by the showering particles is significantly smaller (Figure 5.12). At these angles,
the particles no longer enter the module from the front face but from the side. As a
result, the total deposited energy and the energy sampled with two different channels
become smaller with increasing angles. In Figures 5.13a and 5.13b, event-by-event
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Figure 5.13: Event-by-event distributions of the shower energy (Monte Carlo truth)
developed by 10 GeV e~s. The mean of the distribution is 9.4 + 0.1 GeV for 1°
rotation of the module (a). For 30° rotation, the mean is 7.2 + 0.9 GeV. The low
energy tail represents significant event-to-event leakage fluctuation (b).

distributions of shower energies developed by 10 GeV e~s are shown for 1° and 30°
rotations, respectively. The mean values of the distributions determine 94% =+ 1% and
72% + 12% containment for 1° and 30° rotations, respectively. The low energy tail of
Figure 5.13b represents significant event-to-event leakage fluctuation. The observations
from these studies led to apply 1° rotation, with respect to beam axis, in the horizontal
plane during beam test data taking (Chapter 6) with the EM-scale calorimeter.

5.4 Geant4 geometry for hadronic-scale module

I started developing the geometry of hadronic-scale module based on the existing Geant4
simulation (version 10.5) for the EM-scale module. I learnt how to build materials, de-
fine shapes and sizes and then create logical and physical volumes to place these shapes
inside the mother volume of the simulation. I explored the two ways to repeat a volume,
through parameterisation using copy number and by creating replica of volumes. The
objective of this work was to get familiar with Geant4 simulation and to initiate the
R&D activities for the hadronic-scale module.

HiDRa demonstrator is primarily planned to be a composition of 16 modules made
up of stainless-steel capillary tubes. The structure has a cross section of (65 x 65) cm?
and is 2.5 m long. Each module (~ 13 x 13 x 250 ¢m?) is comprised of ten minimodules.
512 capillary tubes arranged in a staggered architecture of 32 x 16 matrix construct a
minimodule. On top of 16 modules, eight extra minimodules may be constructed and
equipped at the two edges for better containment of the shower laterally. Figure 5.14
illustrates a visualisation of HiDRa geometry developed by the simulation. Figure 5.14a
shows 2.5 m long sixteen modules and eight extra minimodules for better cointainment.
Figure 5.14b shows the front face of a minimodule with (2 x 256 =) 512 channels.
Figure 5.14c shows 512 SiPM sensors attached to the back end of the fibres.

Recently, a complete Geant4 simulation package, for detailed assessment of detec-
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tor performance for high-energy hadrons (pions and protons), has been developed by
dedicated software group of Pavia. In this simulation one unit of volume is defined by
a double-minimodule i.e., 1024 channels in a 64 x 16 matrix. In total eighty double-
minimodules comprise the hadronic-scale module. The extra (double)-minimodules for
better containment have been dropped after several simulation studies.

front-face

Figure 5.14: Visualisation of HiDRa Geometry with Geant4 simulation. Sixteen mod-
ules and eight extra minimodules, made of stainless-steel, to fully contain hadronic
showers (a). A minimodule is a composition of (32 x 16 =) 512 capillaries loaded with
scintillation and clear fibres in alternating layers (b). 512 SiPMs are attached to fibre
tips at detector rear end (c).



Chapter 6

EM-scale module qualification with
SPS beam

The EM-scale calorimeter has been exposed to beams at two facilities, DESY and the
CERN Super Proton Synchrotron (SPS), in 2021. The purpose of the beam tests were
to verify the detector performances and validate the Geant4 simulation for EM shower
profiles and tune it for future studies. At DESY, low-energy electron beams of up to
6 GeV have been used, whereas at CERN SPS, we used fixed-target positron beams
from 6 to 100 GeV and muon beams of ~180 GeV. In this chapter we will focus on the
latter beam test.

The SPS beam test* has taken place from August 10th to August 25th, 2021, inside
the EHN1 experimental surface hall at CERN’s North Area, in particular, on the H8
beam line of the SPS. The first week was spent for mounting the EM-scale module
and then aligning and setting up the module along with other auxiliary detectors that
were involved in the data taking processes, whereas data were taken in the second
week. Figure 6.1 shows the calorimeter module, covered with a black cloth for isolation
from light sources, some of the upstream auxiliary detectors and the beam pipe in the
experimental hall.

In Section 6.1, an overview of the beam line and the auxiliary detectors has been
given, whereas in Sections 6.2, 6.3 and 6.4 detailed descriptions of the data acquisition
process, the data analysis methods and studies on beams have been reported, respec-
tively. Experimental results are discussed in Section 6.5.

6.1 Beam line and auxiliary detectors

High-intensity, slow-extracted protons from the SPS constituted the primary particle
beams of momentum 400 GeV/c for our beam test. The interaction of the primary
proton beams on a thin beryllium-plate primary target (T4), located at a ~15 m un-
derground cavern, produced 180 GeV positive-pion secondary beams. Positron and
muon beams, that had been used in our experiment, were derived from these secondary
pions. The maximum % acceptance of this line was 1.5%. Two small scintillation

counters (S, Sp), with a (4x4) cm? superimposed area, were used for event selection

*https://twiki.cern.ch/twiki/bin/view/DREAM/DreamTBAugust2021
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Figure 6.1: The EM-scale calorimeter installed in the H8 beam line inside the EHN1
experimental hall at CERN’s North Area. Between the beam pipe and the calorimeter
module, some upstream auxiliary detectors are visible. See text for details.

during data taking, whereas a veto detector (V), installed 42 ¢cm upstream the scin-
tillator counters, was used for event rejection. Hence, the (anti-)coincidence between
the logic signals from these counters, i.e., S; - Sy -V, served as the trigger for the data
acquisition system. A number of auxiliary detectors were installed to limit and define
the effective size of the beam spot, provide tracking information and for PID in or-
der to reject the beam contamination. The system included two Cherenkov threshold
counters, two Delay Wire Chambers (DWCs), a PreShower (PS) detector upstream and
a Muon Counter (MC) downstream the calorimeter module. Figure 6.2 is the sketch
of a schematic top-view of the beam-test setup. The approximate positions along the
beam axis of targets, trigger counters, auxiliary detectors and the calorimeter module
followed by some amount of concrete absorber, are indicated.

Two Cherenkov threshold counters, that identify relativistic charged particles (typ-
ically e~ and e™) were installed several tens of metres upstream the calorimeter. The
counters were implemented as cylindrical volumes filled with C'O, gas, where gas pres-
sures were tuned typically between 10 mbar and 0.7 bar depending on the energy of
the selected beam particles. Two small DWCs, with a (10x10) cm? transverse area,
were installed, one upstream and the other downstream of the trigger counters. These
tracking devices were providing two measurements of the (x, y) coordinates of the beam
particle track. A PS was installed 2.85 m upstream the calorimeter module. It was
composed of a 5 mm thick lead absorber followed by a 5 mm thick plastic scintillator.
Typically, when traversing the PS, muons and hadrons behave as a MIP and leave the



Data acquisition 83

associated (small) signal in the scintillator, while electrons or positrons start producing
a shower in the lead slab, and a significantly larger signal is detected in the scintillator.
The PS was meant to be used to reject the beam contamination by muons and hadrons.
A MC was installed several tens of metres downstream the calorimeter and after the
concrete absorber necessary for beam dumping. It was a large paddle of scintillator of
dimension (50x50) ¢m? and it was used to select (veto) muon events.

Experimental setup, not to scale
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Figure 6.2: Schematic top view of the beam-test setup at the SPS HS8 line. The blue
arrow from left to right defines the beam axis. The approximate positions along the
beam line of the targets, the auxiliary detectors, the EM-scale calorimeter and the
downstream concrete absorber, are illustrated. The distances are not to scale.

6.2 Data acquisition

The high-voltage channels required for operating the PMTs were located in the Control
Room (CR). For the SiPMs, working at around 40 V, the power was provided through
the FERS readout system. To transport the trigger signals from the experimental area
to the CR, as fast as possible, low-loss cables of diameter 15 mm and with a signal speed
of ~0.78-c were used. For the busy and the trigger validation signals for the SiPMs, two
standard 50 €2 coaxial cables with signal speed of ~0.66-c were used. The signals from
sixteen PMTs, two Cherenkov counters, PS and MC were routed to three Analogue-to-
Digital Converter (ADC) modules in the CR, via RG58 cables. The ADCs, performing
charge integration followed by digitisation, were 12-bit CAEN V792AC QDC modules,
with a resolution of 100 fC per count. The signals from the two DWCs were transported
to a Time-to-Digital Converter (TDC), a 16-bit CAEN V775N module, working with a
resolution of 0.139063 ns per count.

The trigger provided a common ‘start signal’ to the TDC. Time delays from the
common start to the four ‘stop signals’ of the two DWCs, were measured with the TDC.
With respect to a right-handed reference system where the positive z axis represents
the direction of the beam, the four ‘stop signals’ can be referred to as Speft, Sright, Sup
and Spown. The time information was used to estimate the relative impact coordinates
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(x, y) of the particles on the DWCs, using Equation 6.1.

= (tRight — trest) X My, + Cp

i (6.1)
Yy = (tUp - tDown) X My + Cy .

where t stands for time of signal, m;, and m, are the horizontal and vertical slopes,
¢, and ¢, are the horizontal and vertical offsets. To find the slopes and offset values,
the two DWCs were calibrated! before the data taking started. For the calibration
measurement, a pulse generator was used to provide the trigger signal. The measured
time delays, while exciting the chamber at —30 mm, the centre and at +30 mm, are
listed in Table 6.1 and the corresponding plots are shown in Figure 6.3. The slopes and
offsets, derived from the fitting parameters, are reported in Table 6.2.

Position on DWCs AT at DWC1 [ns] AT at DWC2 [ns]
Left-Right Up-Down | Left-Right Up-Down
30 mm Left or Up 160 160 158 162
0 mm Centre 0 0 0 3
- 30 mm Right or Down - 160 - 158 -161 -156

Table 6.1: Time delays between left-right or up-down signals with respect to a common
signal provided by a pulse generator at three positions of the chambers. These values
are plotted and the linear fits provided the constant slopes and offsets for Equation 6.1.

Fitting DWC1 DWC(C2
parameters | horizontal vertical | horizontal vertical
Slope 0.1875 0.1887 0.1881 0.1887
Offset 0 -0.1258 0.1881 -0.566

Table 6.2: Horizontal (left-right) and vertical (up-down) slopes and offsets derived from
the linear fits (Figure 6.3) for the conversion of time delays, measured by the TDC,
into the coordinates of the impact points of beam particle tracks at the two DWCs.

All signal cables from the experimental area were received via a patch panel and
then fed to the electronic modules in the CR. Two standard VME crates were used for
hosting the ADC, TDC modules and other electronic control boards.

Several set of runs were registered with different purposes, e.g., detector calibra-
tion, energy scans, position scans, etc. One run is the integration of several (O(50k))
events. In order to evaluate the electronic noise contribution during the data taking,
pedestal events (i.e., events with the absence of any physics signal) were recorded with
a trigger provided by a pulse generator. ADC and TDC values, from the calorimeter
and auxiliary detectors, were recorded for each event of a run. To avoid channeling
effects (Section 5.3) the calorimeter module was rotated by 1° in the horizontal plane
with respect to the beam axis.

thttps://cds.cern.ch/record/702443/files/sl-note-98-023.pdf
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Figure 6.3: Calibration of the DWCs. Time delays between left-right or up-down signals
with respect to a common signal provided by a pulse generator at three positions of the
chambers. The slopes and offsets extracted by the linear fits are used to calculate the
impact points of particle tracks at the two DWCs.

6.3 Data analysis methods

6.3.1 Calibration

The calibration of the SiPM signals has been performed in two steps:
e Equalisation of all SiPM responses (ADC counts).
e Conversion of the ADC counts to number of photoelectrons.

The essence of the procedure is depicted here. A detailed overview of this work has been
narrated in Ref. [77]. The SiPM responses were equalised in amplitude, before mounting
them on the detector, by tuning the amplifiers. Equal overbreakdown voltages (+7 V)
were applied allowing all the SiPMs to operate with roughly the same, stable Photon
Detection Efficiency (PDE). The equalisation in amplitude was necessary because one
FERS board was serving a unique threshold for 64 SiPMs under the self-triggering
readout system.

Figures 6.4a and 6.4b illustrate the High Gain (HG) and Low Gain (LG) spectra,
respectively, in ADC counts of one SiPM, for the data taken at DESY beam test with
a 6 GeV electron beam. The pedestal peak and the multiphoton peaks of Figure 6.4a
are clearly visible in the zoomed-in Figure 6.4c, where the Gaussian fits provide the
pedestal peak position and the average peak-to-peak distance for three consecutive mul-
tiphoton peaks. These values are used to calculate the calibration constant for the HG
spectrum of the SIPM. On the other hand, a correlation of the number of photoelectrons
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Figure 6.4: Spectra of one SiPM response for the HG amplifier (a) and the LG ampli-
fier (b) for 6 GeV electrons at the DESY beam test. Gaussian fits of the HG spectrum
provide the pedestal peak position and the average peak-to-peak distance for the mul-
tiphoton peaks (c). Number of photoelectrons extracted from the HG spectrum as a
function of the ADC counts of the LG spectrum. The slope provides the conversion
factor for the conversion of the LG ADC measurement (pedestal subtracted) to photo-
electrons (d). Ref. [77].

extracted from the HG spectrum and the ADC counts of the LG spectrum is shown in
the scatter plot of Figure 6.4d. Parameters from the linear fit provide the conversion
factor for the pedestal-subtracted LG ADC measurement to photoelectrons.

The calibration of the PMT signals has been performed in two steps:

e Equalisation of PMT signals (ADC counts) of each surrounding tower with respect
to the central tower.

e Conversion of the ADC counts in energy scale (GeV) by calculating two fixed
scaling factors, one for the scintillation channels and one for the Cherenkov ones,
for the full EM-scale module. This step also calculates the LYs, i.e., number of
photoelectrons per GeV deposited energy for the SiPM signals.

These two steps are explained hereafter. Given the fact that the central and sur-
rounding towers were read out independently, a normalisation of the signal amplitudes



Data analysis methods 87

for the nine towers has been performed. At the beginning of the beam-test period, the
PMT signals were roughly normalised, separately for the scintillation and Cherenkov
channels, by tuning their operating high voltages. The PMT towers were equalised
with respect to the central tower in analysis. Runs with 20 GeV positron beams have
been used to perform this step. 20 GeV positron beams have been steered, separately,
at each one of the nine towers. A combination of tight cuts, Cl-tight OR C2-tight
(Section 6.3.2), in the two upstream Cherenkov counters has been applied for flagging
positron events. The pedestal peak positions and Most Probable Values (MPVs) of
the pedestal-subtracted signal distributions, in ADC counts, are noted for these nine
runs. Figures 6.5a and 6.5b show for tower # 8 the pedestal peaks for the scintillation
and Cherenkov channels, whereas Figures 6.5¢ and 6.5d show pedestal-subtracted sig-
nal distributions for the respective channels. The MPVs of pedestal-subtracted signals
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Figure 6.5: A 20 GeV positron beam has been steered at tower # 8. Pedestal peak
positions for the scintillation (a) and Cherenkov (b) channels. Pedestal-subtracted
signal distributions for scintillation (c) and Cherenkov (d) channels.

of the nine towers have been equalised with respect to that of the central tower. This
exercise, performed separately for the scintillation and Cherenkov signals, provides 9x2
equalisation constants, for the external (7)) and central (Tp) towers.

- pMTS,C(Tn) SiPMS,C

EQsc(T,) = T SiPMse and EQgc(Ty) = SiPMaec 1 (6.2)
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where S is the scintillation signal and C the Cherenkov one. The numerators and
denominators of Equations 6.2 are in ADC counts. Numbering of the towers in the
transverse plane of the module from the front face is shown in Figure 6.6. The equal-

8|7 |6

3121

Figure 6.6: Numbering of the towers in the transverse plane of the EM-scale module
from the front face.

isation constants, for the scintillation and Cherenkov channels, are listed in Table 6.3.
For a 20 GeV positron beam steered at the central tower, event-by-event equalised sig-
nal distributions for the nine towers are shown in Figures 6.7 and 6.8 for the scintillation
and Cherenkov channels, respectively.

As a second step, with a 20 GeV positron beam steered at the central tower, the
equalised signals produced in all towers are summed up event by event as shown in
Figure 6.9. The MPVs of these distributions (ADCs ) are ~5210 and ~902.5 for the
scintillation and Cherenkov channels, respectively. These values are defined as 18.8
GeV i.e., the estimated containment (94% ) for 20 GeV electron showers for the EM-
scale module. Two fixed scaling factors, fg¢ = 277.13 and fo = 48.01, for the module
are calculated through Equation 6.3.

8

PMTsc(T,)
h ADCgsc = _
188 > ; EQsc(Tn)

 ADCsc

fS,C’ - + SZ'PMS,C (63)

The LYs for the SiPMs of the central tower and the calibration constants for the
PMT signals of the external towers are calculated using Equation 6.4.

Ksco(T) = fsc - EQsc(Th) (6.4)

The obtained values are reported in Table 6.3. As the equalisation constants are 1 for
the central tower, the light yields (Kgc(7p)) coincide with the scaling factors (fsc).
The subtraction of the pedestal position, a constant offset, is included in the calibration
process. For any chosen run, the calibration constants are applied to the pedestal-
subtracted ADC counts.

6.3.2 Event selection and efficiency of cuts

CERN SPS beams are not 100% pure. Cleaning the data before using them for physics
analysis is a primary step to perform. A significant percentage of other particles (muons,
pions, protons etc.) was present in positron beams. In particular, the hadron contam-
ination was dominant at higher energies. DWCs are used to select event samples that



M_8 M_6
o @ @
o 10 ] o
2 2 2
g £ £
§ § §
£ £ £
5 & 5
e e € 10®
3 10 2 5
€ € c
g & &
2 S 3
w w w
10 10
10 10
1 1
0" 500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
s
P, Py P
M_5 M_0 M_4
@ @ 2
2 2 2 ok
< 5 £ o'E
£ £ £
&l 103 =l ©
. 2 .. i
B B 10 B
£ € €
g § §
¢ ¢ ¢
w @ w w 10%
10
10
10
1 1
L Ll L "l L PP P P P PN PPN P P
0 500 1000 1500 2000 2500 3000 3500 4%00 1000 2000 3000 4000 5000 (SSDOO 500 1000 1500 2000 2500 3000 3500 4001
p s
M_3 M_2 M_1
» P Py
5 10* T T
2 2 2
g £ £
§ § §
£ £ £
5 & &
e e e 10
g 10 2 2
€ € =
g § &
2 2 2
w w w
2
et 10
10 10
1 1

0 500 1000 1500

2000 2500 3000 3500 4%00
P,

500 1000 1500 2000 2500 3000 3500 4000
S
=

0 500 1000 1500 2000 2500 3000 3500 4000
S
=

Figure 6.7: Equalised-signal distributions for the scintillation channels in the nine tow-
ers obtained with a 20 GeV positron beam.

Tower number | EQs EQc K Kc
0 1 1 277.13 + 3.36 | 48.01 + 1.53
1 0.125 4 0.001 | 0.822 + 0.029 | 34.52 4+ 0.64 | 39.48 + 0.91
2 0.122 = 0.002 | 0.756 + 0.027 | 33.73 + 0.70 | 36.27 & 0.88
3 0.145 £ 0.002 | 0.895 + 0.031 | 40.15 + 0.81 | 42.98 & 0.99
4 0.130 = 0.002 | 0.808 + 0.028 | 35.89 4+ 0.81 | 38.77 & 0.91
5 0.114 £ 0.002 | 0.769 + 0.026 | 31.63 + 0.61 | 36.91 & 0.83
6 0.157 £ 0.001 | 0.975 + 0.032 | 43.46 + 0.76 | 46.83 & 0.96
7 0.114 £ 0.001 | 0.775 + 0.027 | 31.63 + 0.53 | 37.20 & 0.86
8 0.155 = 0.002 | 0.889 + 0.030 | 43.03 + 0.87 | 42.69 & 0.93

Table 6.3: The LYs for the SiPMs of the central tower and the calibration constants for
the PMT signals of the external ones, for both the scintillation and Cherenkov channels
are listed.
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Figure 6.8: Equalised-signal distributions for the Cherenkov channels in the nine towers
obtained with a 20 GeV positron beam.

come within a precise beam spot radius, i.e., ~less than 1 cm around the geometrical
centre of the calorimeter front face. Two upstream Cherenkov counters and the PS play
vital roles for tagging positron events. Muon and hadron events contribute to the MIP
peak of the signal distribution for the PS. In principle, positrons can be selected with a
high cut, e.g., greater than 3 MIPs, in the PS signal distribution. The distance between
the PS and the calorimeter module was quite large (~2.85 m). When a positron shower
is produced in the lead of the PS, particles in the shower tail are emitted at a large
angle with respect to the positron direction. As a result, the shower is only partially
sampled in the calorimeter and the measured signal is heavily affected by lateral leakage
fluctuations (Figure 6.10). So, unless otherwise specified, the two upstream Cherenkov
counters are used to flag positrons in my analysis. The cuts applied in the two signal
distributions for the Cherenkov counters (C1 and C2) are written in Table 6.4. The
cuts, for C1 and C2, are justified and shown for a run with 20 GeV positrons in Figures
6.11 and 6.12, respectively. Signals at the PS and the downstream MC for the same
run are shown in Figures 6.13 and 6.14, respectively.

Systematic studies have been performed for positron beams ranging from 10 GeV
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Figure 6.9: Event-by-event distributions of the sum over the nine towers of the scintil-
lation (left) and the Cherenkov (right) signals, for a 20 GeV positron beam steered at
the central tower.

em-scale module

Figure 6.10: The distance between the EM-scale prototype and the upstream PS is
~2.85 m. Due to such a distance, most positron showers that start to develop in the
lead slab of the PS, are only partially contained in the calorimeter.

Cherenkov counter | Loose (L) cut [ADC counts] | Tight (T) cut [ADC counts]
C1 > 2 > 5
C2 > 10 > 18

Table 6.4: Definition of loose and tight cuts in the upstream Cherenkov counters.

to 60 GeV to choose the best cuts for analysis. Figures 6.15a and 6.15b show superim-
posed signal distributions for seven different cuts, separately for the scintillation and
Cherenkov signals. It can be observed that for both channels, selection efficiencies are
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| Cher. counter! cut |

w=-0.6+0.0

# of entries

6=0.9+£0.0
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Figure 6.11: The loose and tight cuts, indicated by the pink and black vertical lines,
are applied almost at and after u + 30 of the pedestal distribution for the Cherenkov
counterl. The blue vertical line represents 1 + 30 obtained by the Gaussian fit.
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Figure 6.12: Both the loose and tight cuts, indicated by the pink and black vertical
lines, are applied after u + 30 of the pedestal distribution for the Cherenkov counter2.
The blue vertical line represents p + 30 obtained by the Gaussian fit.

maximum for a combination of loose cuts, namely (C1T OR C2T) and a combination
of tight cuts, namely (C1T OR C2T), in the two Cherenkov counters. These cuts, in
particular (C1T OR C2T), has been chosen for performing data analysis. Cuts involv-
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ing more than one auxiliary detectors have been preferred over the single cuts, e.g.,
C1L, C1T, C2L or C2T.

| Preshower |
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5 FE [
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Figure 6.13: Signal distribution at the upstream Preshower. The pedestal peak is at 0
whereas the MIP peak, indicated by the pink vertical line, appears at 60 ADC counts.
The high cut at 4.5 MIPs that is used in the analysis is indicated by the green vertical
line.

A high cut in the PS signal distribution, PS > 4.5 MIPs (Figure 6.13), is applied
to estimate the efficiency of the chosen cuts. In Equations 6.5 and 6.6, the numerators
in the Right Hand Side (RHS) provide the number of events selected by the indicated
cuts, whereas the denominators are the number of total events taken for the run. These
values, for different energies of positron beams, together with the pressure setting for the
Cherenkov counters, are reported in Table 6.5. The two parameters at the Left Hand
Side (LHS) of Equations 6.5 and 6.6, are the fraction of events passing the respective
selection requirements. The request on the PS signal is used to select a subsample of
pure electrons. Equation 6.6 defines the fraction of events that satisfy both a request
(X) on the Cherekov signals and the high request on the PS signal.

N (PS > 4.5 MIPs)
Ntot

N (X AND PS> 4.5 MIPs)
Ntot

where X = (C1L OR C2L) or (C1T OR C2T). In the RHS of Equation 6.7, the effect of
the PS request cancels out since it appears in both the numerator and the denominator.
Hence, the efficiency for positrons of the chosen cut (exc) on the Cherenkov signals is
determined by Equation 6.7.

f(PS > 4.5 MIPs) = (6.5)

F(X AND PS> 4.5 MIPs) = (6.6)

f(X AND PS> 4.5 MIPs)
f(PS > 45 MIPs)

Exe = (67)
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Figure 6.14: Signal distribution at the downstream Muon Counter. The pedestal peak

1s at 0.
E | P, | Total | N(PS>4.5MIPs) | N(CILORC2L | N(CIT OR C2T
[GeV] | [mbar] | events AND PS>4.5MIPs) | AND PS>4.5MIPs)

6 700 31244 3127 2819 2817

10 700 51640 17918 17520 17518

20 350 101191 20047 17143 17057

30 150 101844 10999 4883 4718

40 80 501857 34324 4878 4494

60 40 101451 4405 231 177

Table 6.5: Gas pressures set at the two Cherenkov counters, the total number of events,
number of events selected with the PS cut and a combination of the PS and chosen (X)
cuts for analysis are listed for different beam energies.
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Figure 6.15: Systematic studies with 20 GeV positron beams to choose the best cuts
for analysis. Superimposed reconstructed energies, using different cuts on signal dis-

tributions at the auxiliary detectors, for the scintillation channels (a) and Cherenkov
channels (b). The distortion in the shape of these distributions comes from the opening

of the shower due to the PS position in the line, the impact point dependency of the
signals and the too small impact angle of the beam.
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In order to cross-check the results about the efficiency for electrons of the Cherenkov
cuts, a second sample of pure electrons was selected by requiring that at least 80% of
the beam energy (well above a MIP signal) is reconstructed with the calorimeter signals.
So, for this case, Equations 6.8, 6.9 and 6.10 are used. Equation 6.8 defines the fraction
of events for which reconstructed scintillation and Cherenkov signals, separately, are
80% of the beam energy. As for the PS cut, Equation 6.9 defines the fraction of events
that is selected by requiring both the chosen cut (X) and the calorimetry cut.

N (ECALOR > 0.8- E)
Ntot

N(X AND Egaror >0.8-E)

Ntot

Finally, Equation 6.10 provides an independent estimate of the efficiency of the Cherenkov
selection cut (X) for positrons.

f(Ecaror > 0.8 E) = (6.8)

f(X AND Ecaror > 0.8 - E) =

(6.9)

f(X AND Ecaror > 0.8 - E)
f (ECALOR >0.8- E)

where, E is the beam energy, Fcaror is the energy reconstructed, independently, by the
scintillation and Cherenkov channels. So, Ecaror > 0.8 - E really means (Fs > 0.8+ F
AND E¢ > 0.8-F). The results, for different energies of positron beams, are reported in
Table 6.6. The efficiencies calculated with Equations 6.7 and 6.10, for positron beams
of energies up to 60 GeV, look to be compatible with each other, as shown in Figures
6.16a and 6.16b for (C1L OR C2L) and (C1T OR C2T), respectively. The comparable
numbers tell that the contribution of hadrons, in shower formation with at least 80%
of beam energy, is negligible for any given energies. For further higher energies the
statistics of selected positron samples are too low.

(6.10)

€Xe -

E | Total | N(Ecaror >0.8E)|  N(CIL OR C2L N(CIT OR C2T
[GeV] | events AND Ecuror >0.8E) | AND Ecaror >0.8E)
6 | 31244 4713 4167 4166
10 | 51640 23742 23260 23255
20 | 101191 28702 24487 24359
30 | 101844 16045 6756 6519
40 | 501857 52711 6626 5999
60 | 101451 6920 333 227

Table 6.6: The total number of events, number of events selected with cuts in the
reconstructed shower energy and number of events selected with a combination of cuts in
the reconstructed shower energy and chosen cuts (X) for analysis are listed for different
beam energies.

Another important verification, in the context of efficiency of chosen cuts, has been
done using Formulae 6.11.
g1t or cy=1— (1 = gcny) - (1 = gcan))

6.11)
ccir or cory=1— (1 = gcamy) - (1 = gcomy) (
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Figure 6.16: Efficiency of combination of loose cuts (a) and tight cuts (b) are compatible,
when calculated with respect to PS > 4.5 MIPs and Ecaror > 0.8-E, as a function of
beam energy.
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These relations should hold as soon as there are no correlations among the signals in
the different Cherenkov counters (as it should be). All efficiencies in these formulae are
calculated using Equation 6.7. The numbers of selected events and the efficiencies are
reported, for different beam energies, in Tables 6.7 and 6.8, respectively. The efficiency
of the combined cuts in the two Cherenkov counters has been expressed in terms of
individual efficiencies of cuts in the single Cherenkov counters. The differences for
some energy values (e.g., for 20 GeV electrons) are not fully understood and seems
to point to some correlated inefficiency. The associated errors are calculated with a
binomial approximation.

The Purity of the selection and the beam contamination, with the two chosen cuts,
were estimated as discussed in Section 6.4.1.

E | N(PS>4.5MIP) | N(C1L AND | N(CI1T AND | N(C2L AND | N(C2T AND
(GeV] PS>4.5MIP) | PS>4.5MIP) | PS>4.5MIP) | PS>4.5MIP)
6 3127 2758 2756 2751 2741
10 17918 17196 17185 16862 16809
20 20047 14673 14609 12928 12623
30 10999 3167 3119 2722 2543
40 34324 2847 2769 2345 1981
60 4405 64 57 176 125

Table 6.7: The number of events selected with a cut on the PS signal and with a
combination of cuts on the PS signal and signals at individual Cherenkov counters is
listed for different beam energies.

Energy | eccirorcern) | 1[(1-ecin)) | eccirorcery | 1-{(1 - €car))
[GeV] %] X (1-g(c2r))][%] (%] X (1 - g(cam))][%]
6 90.2 £ 0.2 98.6 £ 0.1 90.1 £ 0.2 98.5 £ 0.1
10 97.8 £ 0.1 99.8 £ 0.0 97.8 +£ 0.1 99.8 £ 0.0
20 85.5 £ 0.1 90.5 £ 0.1 85.1 £ 0.1 90.0 £ 0.1
30 444 + 0.2 46.4 + 0.2 42.9 + 0.2 449 + 0.2
40 14.2 £ 0.1 14.6 £ 0.1 13.1 = 0.1 134 £ 0.1
60 5.2+ 0.1 54 4+ 0.1 4.0 £0.1 4.1 £+ 0.1

Table 6.8: The efficiencies of the combined cuts on the two Cherenkov counters and
these as a function of the individual efficiencies of cuts in the single Cherenkov counters
are listed for different beam energies.

To select events within a precise beam spot area, a cut on the beam spot radius, r
(= /2?2 +y?) < 1 cm, measured with the DWCs is also applied for data analysis.
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6.4 Studies on beam

6.4.1 Beam composition

Based on the estimation of efficiency of the two chosen cuts, measurements of beam
composition and purity, as a function of energy, have been performed. The selected
positron beam that was derived from a secondary pion beam, is a composition of several
particles. The real beam purity is defined by

P = total number of positrons _ E (6.12)

total number of all particles N

The denominator in Equation 6.12 is simply the number of total events taken for a run.
Let us define Ny as the number of events selected with a given cut on the Cherenkov
signals. If a given cut has an efficiency ex and assuming that the selected (positron)
sample has a very little contamination, the total number of positron events present in
the full data sample can be estimated as

NS@
Np = = (6.13)
€X

But in reality this number would be lower, because the purity of the selection procedure
is never 100%), i.e., also the selected sample is contaminated by events due to particles
other than positrons. In the assumption that the selection is very pure, a first order
approximation of beam purity can be determined by Equation 6.14:

Nsel
Py = ——2 6.14
b Ex X N ( )

The beam purity can be defined as the number of positrons present in the data sample
(Nser/€) over the number of all particles (N). Figure 6.17a illustrates the beam purity,
defined by Equation 6.14 for the two chosen cuts, as a function of the energy. The
values (Table 6.9), comparable for the two cuts, fall exponentially from ~60% for 10
GeV to ~15% for 40 GeV. The data points for 6 GeV and 60 GeV do not fit in the
picture, because we have taken less statistics for 6 GeV data and only a limited sample
of events survive after the selection for runs with 60 GeV.

However, the selection cuts are not sufficient to extract pure samples of positrons.
The selected samples also contain a fraction of muons and hadrons. As a consequence,
the beam purity is overestimated. Since the selection purity is expected to be higher
with tight cuts than with looser ones, the overestimation is larger in the second case
(as seen in Figure 6.13a). So, the definition given by Equation 6.14 must be improved.
A better approximation of beam purity can be provided by Equation 6.15, which takes
into account the efficiencies of cuts in Cherenkov counters for selection of muons. This
approximation would be correct in the case the beam contamination is dominated by
muons. However, since the efficiency of the Cherenkov counters for hadrons is lower
than for muons, the beam purity, in this case, is expected to be underestimated. The
efficiency for muons of the Cherenkov counters can be estimated by Equation 6.16 that
is similar to Equations 6.7 and 6.10. Muons are selected using the response in the
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Beam energy C1L OR C2L C1T OR C2T
[GeV] Nier 3 Picam [%] | Nse € Picam [70]
6 6655 0.902 23.6 + 0.2 | 6479 0.901 23.0+0.2
10 29595 0.978 58.5 4+ 0.2 | 29457 0.978 58.3 £ 0.2
20 26824 0.855 31.0 £ 0.1 | 26158 0.851 30.4 + 0.1
30 8666 0.444 192+ 0.1 | 7575 0.429 17.3 +£0.1
40 12944 0.142 18.1 £ 0.1 | 8885 0.131 13.5 + 0.1
60 2573 0.052 48.5 + 0.2 | 1338 0.040 32.8 + 0.1

Table 6.9: Samples selected with cuts only in Cherenkov counters, the efficiency of these
cuts calculated by Equation 6.7 and the beam purity estimated by Equation 6.14 are
listed for positron beams of different energies.

Beam purity | Beam purity corrected |
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Figure 6.17: Beam purity calculated by Equation 6.14 that gives a first order approxi-
mation (a) and Equation 6.15 taking into account the efficiency of Cherenkov counters
for muon selection (b) for cuts C1L OR C2L and C1T OR C2T as a function of beam
energy.

downstream MC. A low cut, MC > 20 ADC counts, has been applied to select a
reasonable number of muons.

Nsel Exu
Pieam(modi fied) = ——— (6.15)
Exe — Exn
X AND M 2
S ¢ > 20) (6.16)

e(MC > 20)

The modified beam purity, as shown in Figure 6.17b, has been dropped significantly,
as expected, for different beam energies. Data points for tight cuts appearing below
that for loose cuts is recovered for 10, 20 and 30 GeV, whereas for 40 GeV the difference
between the two values has dropped to 1% from 5%. All relevant numbers including
efficiencies of cuts in Cherenkov counters for selection of muons and the associated er-
rors calculated with Binomial approximation are reported in Table 6.10.
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E | N(MC | N(CIL OR C2L | ez or cany | N(CIT OR C2T | e(c1r o corys
[GeV] | >20) | AND MC>20) (%] AND MC>20) (%)
6 | 1516 725 478 +1.3 721 476 + 1.3
10 | 875 263 30.1 + 1.6 259 20.6 + 1.5
20 | 3592 204 5.7+ 04 183 51404
30 | 4457 149 33+03 102 2.3 + 0.2
40 | 22618 401 1.8 4 0.1 258 1.1+ 0.1
60 | 3722 115 3.1+03 79 2.1+02

Table 6.10: Number of muon samples selected with a low cut in the MC, number of
muon samples that survived a combination of MC cut and the selection cuts chosen to
tag positrons, efficiency for muons of the selection cuts estimated with Equation 6.16
are listed for different beam energies.

An underestimation of beam contamination, N, is calculated by subtracting the
estimated number of positrons from the total number of events. The numbers are re-
ported in Table 6.11 for different beam energies, as calculated with Equation 6.17 (first
order approximation for the beam purity). On the other hand, an overestimation of true
beam contamination is calculated using Equation 6.15 and the numbers are reported
in Table 6.12.

Ncont =N — (NSBZ)
£ (6.17)

Ncont[%] =1- Pbeam

Beam energy C1L OR C2L C1T OR C2T
[G’eV] Neont  Neont [%] Neont  Neont [%]
6 23862 76.4 24052 77.0
10 21373 41.4 21510 41.7
20 69823 69.0 70448 69.6
30 82324 80.3 84185 82.7
40 410776 81.9 433996 86.5
60 52386 51.6 68152 67.2

Table 6.11: Contamination of the SPS positron beams calculated with two cuts chosen
to flag positrons is listed for different beam energies.

As mentioned already, the selections made with cuts (C1L OR C2L) and (CI1T
OR C2T) are not 100% pure. It is important to make an assessment of purity of
these selections for different beam energies. In order to do so, the rejection factor (R)
is determined for each energy. R, given by Equation 6.18 and hence, the inverse of
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Beam C1L OR C2L C1T OR C2T
energy | Pyeam(modified) Negni(modified) | Pyeam(modified) Neoni(modified)
[GeV] (%] (%] (%] (%]

10 40.2 59.8 40.2 59.8

20 26.1 73.9 25.9 74.1

30 12.6 87.4 12.7 87.3

40 6.5 93.5 9.3 94.7

Table 6.12: The underestimated purity (calculated by Equation 6.15) and the corre-
sponding true values of overestimated contamination of the SPS positron beams, calcu-
lated with the two cuts chosen to flag positrons, are listed for different beam energies.

Equation 6.16, is defined as the ratio of number of muons in the beam, selected with
the MC, to the number of muons survived with a given cut. It would be expected
that very few muons survive with chosen cuts in the Cherenkov counters. The purity
of selection is proportional to R. Figure 6.18 illustrates the exponential drop of R~}
i.e., the muon efficiency of the two chosen cuts for selection of positron samples with
increasing beam energy. Finally, the contamination of selection (Cy) and purity of
selection (Ps) are derived using Equations 6.19 and 6.20.

| Muon efficiency of chosen cuts to flag e+ |

X 50 ;
> - T
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Figure 6.18: Efficiency for muons of the two chosen selection cuts to flag positron
samples (i.e., El(lcm or cary and 5’(01T OR C2T)) as a function of beam energy.

1
ex(muons)
B e(MC > 20)
(X AND MC > 20)

R=
(6.18)
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NCOTL
Coa = =3 L (6.19)

Csel
Pg=1- 6.20
: (Nsel) ( )

Figure 6.19 shows the upper bound of selected-sample purity as a function of beam en-
ergy. All relevant numbers are put together in Table 6.13. On the other hand, selected-
sample contamination estimated with N,,,;(modified) and hence the lower bound of
true selected-sample purity are calculated and reported in Table 6.14.

purity of selection

2 » C1LORC2L
° e CI1TORC2T

0.8

0.6

selection purity

0.4

0.2

o
FTTTT T T T T T T T T
I \ \ \ \ \ \ \ I

- ®»

| ‘ | | ‘ | | ‘ | | ‘ | | I |
20 30 40 50 60
Energy [GeV]

-
o

Figure 6.19: Purity of selection of cuts C1L OR C2L and C1T OR C2T as a function
of energy.

Beam energy C1L OR C2L C1T OR C2T
[GeV] R Cw Pal%| R Cw P %
6 2.1 11411 - 2.1 11439 -
10 3.3 6424 78.0 34 6367 78.4
20 17.61 3966 85.2 | 19.63 3589 86.3
30 29.91 2752 68.2 | 43.70 1927 74.6
40 56.40 7283 43.7 | 87.67 4951 44.3
60 32.37 1619 37.1 47.11 1447 -

Table 6.13: Rejection factor, contamination of selection and purity of selection for
different beam energies are listed. Selection purities for 6 GeV with both cuts and for
60 GeV with C1T OR C2T are unphysical due to low statistics as mentioned before.
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Beam C1L OR C2L C1T OR C2T
energy | Cys(modified) Py (modified) | Cy(modified)  Pse(modified)
[GeV] (%] %]

10 9358 68.4 9083 69.2

20 4246 84.2 3820 85.4

30 2976 65.7 2035 73.1

40 8320 35.7 5421 39.0

Table 6.14: Selection-sample contamination estimated with modified beam contamina-
tion (Equation 6.15) and true selected-sample purity, for different beam energies, are
listed.

6.4.2 Beam divergence and positioning

Beam with low divergence allows the particles to be fully contained in the calorimeter
module. Angular measurements on particle tracks provide the amount of beam diver-
gence. If (X1, Y1, Z1) and (Xa, Ya, Z5) are the coordinates of impact points of a beam

particle on DWC1 and DWC2 as illustrated in Figure 6.20, then 0x and 6y are the
measures of beam divergence, where tan 0y = %:‘2, tan 6y = % and Zy — 7, =

1.77 m, is the distance between two wire chambers. Figure 6.21a shows the distribu-

DWCI DWC2
(X, Yy, 4.99) (X, Yz, 3.22)
177 m

Figure 6.20: The particle track AB makes an angle § with the straight line joining the
two wire cambers. Measurements of 6 in both the horizontal and vertical planes provide
the amount of beam divergence.

tions of fx and fy, separately, for 20 GeV positron beam. Figure 6.21b is an event
by event correlation between 6y and 6y, where the core of the scatter plot is confined
within 0.1°. These show that the beam divergence was not significant.

The mean values of the X and Y coordinates of impact points of the tracks on
the wire chamber, that was installed closer to the calorimeter module, along with the
standard deviations, are measured for different energies of positron beams from 6 GeV
to 100 GeV. Figure 6.22a shows scatter plot of the X and Y coordinates of impact
points for a 60 GeV positron beam and Figure 6.22b shows a good positioning of beams
throughout different energies.
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Figure 6.21: The distribution of fx, in top, and fy, at bottom (a). The scatter plot of
fx and 0y shows a significant beam divergence only for less than a hundred events out
of ~ 23k samples of 20 GeV positrons.

6.5 Experimental results

6.5.1 Reconstructed energy and shower map

The total scintillation or Cherenkov signals, i.e., the sum of signals from eight PMTs
and 160 SiPMs at nine towers, provide an estimate of the total shower energy. The
total shower energy has been reconstructed by converting the PMT and SiPM signals to
energy values using calibration constants (Section 6.3.1). For a 30 GeV positron beam,
the total shower energy reconstructed, event by event, independently by the scintillation
and Cherenkov channels are shown in Figures 6.23a and 6.23b, respectively. The mean
reconstructed energies obtained with Gaussian fits are 28.86 + 0.04 GeV and 28.55 +
0.03 GeV for the scintillation and Cherenkov channels, respectively. In Figure 6.23a,
the very few events around 0 GeV miss the calorimeter totally. On the other hand, the
scatter plot in Figure 6.24 shows the correlation between the energy reconstructed by
the scintillation channels and that by the Cherenkov ones, for 20 GeV positron beams
steering the tower # 5. Few tens of events, that appear at less than 15 GeV for both
channels, represent the energy leakage due to the large divergence of shower particles
for showers started in the PS.

Nine energy scan runs, each of 30k events and with a 20 GeV positron beam steered
at the center of each individual tower, have been taken. For these runs, the percentage
of the total shower energy deposited in the tower at which beam was steered, has been
measured separately for the scintillation and Cherenkov channels. Figure 6.25 shows
these measurements as a function of the tower number (Figure 6.6). From 66 to 90% of
the total shower energy, for both channels, is deposited in the tower hit by the beam.
For any given energy, the total shower energy is lower, due to leakage, when the beam is
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Figure 6.22: Scatter plot of the X and Y impact points for 60 GeV particle tracks
measured with a Delay Wire Chamber is illustrated (a). Mean and standard deviation
values of the X and Y impact points for particle tracks of different energies show good
positioning of the beams (b).

steered at any external tower compared to that when the beam is steered at the central
one. As a result, the fraction of the total shower energy deposited in any external
tower is measured to be higher than that in the central one. Figure 6.26 shows the
distributions of the total shower energy when beam is steered, separately, at the tower
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Figure 6.23: The shower energy reconstructed by the scintillation channels (a) and the
Cherenkov channels (b) for a 30 GeV positron beam steered at the central tower.
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Figure 6.24: Correlation between the shower energy reconstructed by the scintillation
and Cherenkov channels for a 20 GeV positron beam steered at the tower # 5. The
events, at less than 15 GeV for both channels, represent the energy leakage due to the
large divergence of shower particles for showers started in the PS.

# 0 and tower # 5 and the mean values are measured to be 19.10 + 0.01 GeV and
17.50 £ 0.03 GeV, respectively.

The highly granular readout of the central tower allows to produce maps of activated
fibres in the transverse plane of the EM-scale calorimeter module. In Figures 6.27a and
6.27b, the X-Y plane represents the transverse plane of the module, whereas the z axis
represents the signal amplitude in fibres. In these scatter plots, the coordinates of
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Figure 6.25: Percentage of the total shower energy deposited in a single tower where
beam has been steered at. This study has been performed with 20 GeV positron beams
steered, one by one, at the nine towers.
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steered at the central tower and tower # 5. The mean values extracted from the
Gaussian fits are 19.10 4 0.01 GeV and 17.50 £ 0.03 GeV, respectively.

activated scintillation and clear fibres along with the number of photoelectrons in the
corresponding channel are illustrated for an integration of ~25k selected events of a
20 GeV positron run. One Cherenkov fibre in the bottommost row has been taken off

(Figure 6.27b) as

the associated SiPM is turned out to be a hot one. These two fibre
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maps show that most of the EM-shower is contained within a cylinder with a radius of
less than 1 cm.
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Figure 6.27: Maps of activated scintillation (a) and clear (b) fibres for a 20 GeV positron
beam. X-Y values represent the fibre coordinates in the transverse plane of the calorime-
ter and the Z (colour) axis depicts the number of photoelectrons in the corresponding
channel. Most of the EM-shower is contained within a cylinder of radius < 1 cm.

6.5.2 Response linearity

The response linearity is one of the most important properties of any EM calorimeter.
The energy of an incoming particle (photon or electron) gets transferred in the inter-
action with a dense medium, by creating a shower of electrons, positrons and photons.
An active medium produces a detectable response to the charged-particle shower com-
ponent. In a homogeneous calorimeter, the absorber and the active media coincide.
Hence all deposited energy contributes to signal development, whereas in a sampling
calorimeter, only a small fraction of the shower contributes to signal formation. As
mentioned in the previous chapters, the detector response is defined as the signal per
unit of deposited energy. For an ideal case, the response is fixed for EM showers of
any energy developed in a particular calorimeter module. In the data analysis, the
ratio between the shower energy reconstructed, independently, by the scintillation and
Cherenkov channels, and the beam energy, as a function of the beam energy, provides
a measure of the response linearity. This ratio has been measured for positron beams
with energies ranging from 10 to 100 GeV. A correction for the energy deposition in
the upstream PS has been included in the analysis. A correlation has been established
between the positions of the MIP peaks in MPVs, observed with beam data (60 ADC
counts) and with simulations (7.5 MeV).

Figure 6.28 illustrates the response linearity, separately for the scintillation and
Cherenkov channels. For the Cherenkov channels, the response is closer to 1 at higher
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Figure 6.28: The response linearity of the EM-scale calorimeter, separately for the
scintillation and Cherenkov channels, is measured to be ~5%.

energies, whereas for the scintillation channel, the response achieves a maximum at 40
GeV. Most of the data points are within a band with a 5% of variation. The reason for
this broader variation is assumed to be the incomplete shower containment due to the
shower opening when starting in the PS.

6.5.3 Uniformity scan

The response uniformity over the transverse surface of the calorimeter has been mea-
sured. Two independent uniformity scans and the corresponding results will be dis-
cussed here. In the first one, ~50k positrons with an energy of 40 GeV were steered at
the corners of four towers, namely 0, 2, 3 and 5 as shown in Figure 6.29a. For event
selection, apart from previously discussed cuts for analysis, (C1T OR C2T) and rpeam
< 1 cm, another cut Ecaror > 30 GeV has been applied to discard the bumps, shown
in Figure 6.29b, likely due to muons and hadrons. Ecaror is the energy reconstructed,
independently, by the scintillation and Cherenkov channels. Both measurements are
required to be greater than 30 GeV. A few thousand positron events survived after all
these cuts.

The illuminated area, four quadrants in four towers, is subdivided in (2 x 2) mm?
cells and the sum of the energy deposited in the four towers has been taken into ac-
count to build the maps of the energy reconstructed, independently, by the scintillation
and Cherenkov channels as shown in Figures 6.30a and 6.30b, respectively. The energy
deposited in other towers is minor and is neglected at this stage. The X-Y plane rep-
resents the coordinates of the impact point reconstructed on the DWC that is closer to
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Figure 6.29: Beam is steered at the corners of four towers to perform a uniformity scan
(a). Additional cuts, Fcaror > 30 GeV, are applied to discard muons and hadrons

(b).

the calorimeter module. The Z axis represents the reconstructed average shower energy.
Figures 6.30c and 6.30d illustrate the corresponding histograms of these maps. The rel-
ative spread (o over mean) is calculated to be 6.2% and 5.0% for the scintillation and
Cherenkov channels, respectively, and is clearly affected by geometrical non-uniformity
effects. The results from the two independent measurements are combined in calcu-
lating the weighted average and weighted standard deviation with Equation 5.3. The
spread is improved and measured to be 3.8%. The energy reconstructed by the two
independent channels are also combined by performing an unweighted average of the
two. The map of the unweighted-average energy is shown in Figure 6.31a, whereas the
corresponding histogram, illustrated in Figure 6.31b, shows a 4.3% response spread.
The impact point dependence of the signal and the mentioned lateral leakage of the
shower have been considered as the main sources of these fluctuations. At present,
we understand that the most significant contributions to the fluctuations are due to
geometrical effects: a too small impact angle and the discrete, and alternate, fibre
structure. A larger impact angle and a PS much closer to the calorimeter should allow
to largely cancel them.

A special run has been acquired to repeat the signal uniformity studies with a statistics
more than 20 times higher than the one mentioned above. ~100k positrons of energy 20
GeV were steered at the central tower as shown in Figure 6.32a. For the event selection,
apart from (C1T OR C2T) and 7peqr < 1 cm, another cut Ecaror > 11 GeV (for both
scintillation and Cherenkov measurements) has been applied to discard part of the long
low energy tails, as shown in Figure 6.32b. 22k positron events were selected after these
cuts.

In this study, the granularity of the maps of the reconstructed energy has been im-
proved by subdividing the illuminated area in (1 x 1) mm? cells. The energy deposited
in the whole calorimeter module has been taken into account to build the maps of the
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Figure 6.30: Uniformity scan with a 40 GeV positron beam steered at the corner of
four towers. Maps of the average energy reconstructed by the scintillation (a) and
Cherenkov (b) channels are displayed. The histograms of these maps are illustrated for
the scintillation channels that show a 6.2% spread (c) and the Cherenkov channels that
show a 5.0% spread (d) in the reconstructed energy.
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low energy tails (b).
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energy reconstructed, independently, by the scintillation and Cherenkov channels as
shown in Figures 6.33a and 6.33b, respectively. An anticorrelation between the two
maps can be observed. Figures 6.33c and 6.33d illustrate the corresponding histograms
of these maps. The relative signal spread (¢ over mean) is calculated to be 2.0% and
1.6% for the scintillation and Cherenkov channels, respectively. The non-uniformity ob-
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Figure 6.33: Uniformity scan with a 20 GeV positron beam steered at the central tower.
Maps of the average energy reconstructed by the scintillation (a) and Cherenkov (b)
channels are displayed. An anticorrelation between these two maps can be inferred.
The histograms of these maps are illustrated for the scintillation channels (c), showing
a 2.0% spread, and the Cherenkov channels (d), showing a 1.6% non-uniformity in the
reconstructed energy.

tained by performing a normal average of the two independent channels (Figure 6.34a)
is 1% as illustrated by the histogram in Figure 6.34b. The pattern obtained in the map
of Figure 6.33a is dominant in that of Figure 6.34a.

6.5.4 Energy Resolution

In most cases, the EM energy resolution given by Equation 1.11 can be approximated
as a
= —— + constant (6.21)

g
E-VE
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Figure 6.34: Uniformity scan with a 20 GeV positron beam steered at the central tower.
The map of the energy reconstructed by the unweighted average of the scintillation and
Cherenkov measurements, is displayed (a). The histogram of this map shows a 1.0%
spread of the combined reconstructed energy (b).

Figures 6.35a and 6.35b show distributions of shower energies, for a 20 GeV positron
beam steering at the central tower, reconstructed by the scintillation and Cherenkov
channels, respectively. The mean values of these distributions are 19.09 + 0.01 GeV
and 18.76 4+ 0.01 GeV. The calibration constants, calculated by Equation 6.22, are
0.9545 (Kg) and 0.938 (K¢).

< Egc(reco) >
Ebeam

Ksc = (6.22)

where < Eg(reco) > is the average reconstructed shower energy and Epeqy, is 20 GeV.
Kg  has been used to reconstruct beam energies, independently, with the scintillation
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Figure 6.35: The shower energy reconstructed by the scintillation (a) and Cherenkov
channels (b) for a 20 GeV positron beam steered at the central tower.

and Cherenkov channels, for different positron runs ranging from 10 GeV to 60 GeV.
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The Monte Carlo corrections mentioned in Section 6.5.2 are applied here too. For the
event selection, a high cut on the PS signals is included with the combination of cuts on
the Cherenkov counters, i.e., (C1T OR C2T) AND PS > 4.5 MIPs, in order to obtain
good Gaussian fits on the reconstructed energy distributions, in particular for 40 and 60
GeV runs. The mean values, Fyeams,c(reco), and standard deviations, ogc(reco), of the
distributions of the reconstructed beam energies have been extracted for both channels.
The results of the two independent channels are combined by calculating, event by
event, the weighted averages of Epeqnm| s.c(reco) and weighted standard deviations, using
Equation 5.3. The resolutions, og4c(reco)/Epeam|(s+c)(reco), have been calculated and
plotted as a function of 1/v/Epeam, where Epeqm is in GeV. It is shown in Figure 6.36.
The linear fit provides an EM energy resolution of 24%/v/E. A reference straight line,
indicating a stochastic term of 15% that is the goal for the EM-scale module, has been
drawn. It is seen that a constant term of 0.006, i.e., the intercept of the y axis by
the fitting line, is present. The position dependence of calorimeter signals and the
lateral leakage of the shower energy, due to the shower opening after starting in the
PS, are supposed to be the cause of this intercept. A simulation study shows that
the constant term can be substantially reduced by applying larger rotations, e.g., 2.5°
to the calorimeter module with respect to the beam axis, in both the horizontal and
vertical planes. A little amount of rotation also helps in reducing channeling effects,
i.e., the contribution of individual fibres in developing detector signals.
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Figure 6.36: The electromagnetic energy resolution, by combining the independent
scintillation and Cherenkov measurements, is estimated to be 24%/v'E + 0.6%. The
red line indicates an EM energy resolution of 15%/ VE.
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6.5.5 Impact point dependence

An interesting feature, mentioned before, of any EM shower developed in a fibre-
sampling DRO calorimeter, is the extremely collimated shower core that develops a
significant amount of calorimeter signals. This core reconstructed with the Cherenkov
signals is slightly broader compared to that reconstructed with the scintillation signals.
This is due, as understood so far, to geometrical differences in the production and
trapping of the scintillation and Cherenkov photons. While the emission of scintilla-
tion photons is isotropic, highly relativistic particles radiate Cherenkov photons at a
well defined angle with respect to their flight direction. Since the shower core develops
along the primary particle direction, the Cherenkov emission has an angular correlation
with the beam axis. In case the beam angle with respect to the fibre axis is too small,
many photons fall out of the NA of the fibres. This is particularly true for the early
part of the shower. Moreover, there is a modulation of the signal depending on the
impact point position. The primary beam particle can indeed impinge either on a fibre
or on the brass absorber at the calorimeter front face. For the same angular effects
depicted above, this may produce oversampling only in the scintillation fibres, since
in the Cherenkov ones the photons are emitted out of the NA of the fibre. So, there
are systematic fluctuations in the signals that are larger for the scintillation channels
compared to the Cherenkov channels.

2

Figure 6.37: An area (grey squared cell) of (1x1) mm? is selected to see the average
signal in all the towers for events hitting this area. This area is slided from -8 mm to
+8 mm in steps of 1 mm along the X-axis in order to select events impinging either on
fibres or on the brass absorber.

In order to observe this feature in the novel EM-scale module, an area of (1x1)
mm?, from the distribution of impact points of particles, has been selected using the
upstream DWC2. The average signal in nine towers is measured for the selected events.
The area has been slided from -8 mm to +8 mm along the X-axis, in steps of 1 mm,
on the calorimeter front face. This should allow to select events impinging either on
fibres or on the brass absorber as illustrated in Figure 6.37. The average signal in the
calorimeter module, as a function of the X coordinate of the impact point, is measured.
This study has been performed for different ranges of the Y coordinate of the impact
point. The ones obtained for the range —1 mm <y < 0 mm, for a 20 GeV positron
data sample, are shown here. Figures 6.38 and 6.39, respectively, show the average
energy reconstructed independently with the scintillation and cherenkov signals as a
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function of the X coordinate of the impact point for the mentioned y range. The trends
of the plots show a clear oscillating pattern with a period of ~2 mm that is indeed the
fibre-to-fibre distance along the X axis. This impact point dependency of the signals
is higher for the scintillation channels compared to that in the Cherenkov channels.
On the other hand, the combined reconstructed energy, i.e., the weighted average of
the scintillation and Cherenkov independent measurements, has a behaviour very close
to the Cherenkov one as shown in Figure 6.40. The trend of this plot shows the same
oscillating pattern with a period of ~2 mm. With the present setup, the response in the
scintillation channels is strongly depending on the x coordinate of the impact point and
this effect can be only partially recovered with the Cherenkov response. At present, the
only further step that we can envisage, would be to introduce a parametric correction
as a function of X. On the other hand, a better geometrical setup should be able to
provide significant improvements.
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Figure 6.38: The average energy reconstructed with the scintillation channels as a
function of the X coordinate of the impact point for —1mm < y < 0mm. The impact
points are measured in the upstream DWC2. The oscillating pattern with a period of
~2 mm shows the impact point dependency of scintillation signals.

To cancel, or at least reduce, the impact point dependency of the signals, the shower
axis (i.e., the beam axis) must form some finite angle with respect to the direction of
the fibres. This can be achieved by positioning the calorimeter during data taking,
at some predefined angle, preferably in both the horizontal and vertical planes, with
respect to the beam axis. Some simulation studies, with muons, have been performed
in this direction (Section 6.5.6).

The analysis of SPS positron data has been going on. In particular, some recent
studies show that an EM energy resolution below ~20%/+vE can be achieved for the
capillary based EM-scale prototype by implementing fine corrections to suppress the
impact point dependency of the scintillation signals. On the other hand, the radial
profiles of EM showers are important features to be observed with data. Some results
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Average C energy as a funcition of X impact point
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Figure 6.39: The average energy reconstructed with the Cherenkov channels as a func-
tion of the X coordinate of the impact point for —1 mm < y < 0 mm. The impact
points are measured in the upstream DWC2. The oscillating pattern with a period of
~2 mm shows the impact point dependency of the Cherenkov signals that is moderate
compared to that of the scintillation signals.
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Figure 6.40: The combined reconstructed energy, i.e., a weighted average of the ener-
gies reconstructed by the scintillation and Cherenkov channels as a function of the X
coordinate of the impact point for —1 mm <y < 0 mm. The oscillating pattern with
a period of ~2 mm shows the impact point dependency of the signals.

in this direction can be found in [77].
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6.5.6 Muon detection

Event selection

Calorimeter systems in HEP experiments play a vital role in detecting muons and
measuring their properties. Muons have the characteristic feature that they can traverse
a long quantity of dense material and deposit a small fraction of their energies in it.
Muons follow their way through the calorimeter and the beam dump concrete. Hence,
a correlated information must be present in all ancillary detectors (as well as in the
calorimeter). In our beam test, high-energy muons were derived from 180 GeV/c pion
beams. So, what we received was a muon beam with a spectrum ranging from ~60% to
~100% of the original hadron energy, i.e., from ~108 GeV/c to ~180 GeV/c, peaking
around ~165 GeV/c. Muon samples are selected by observing MIP signals in the
downstream MC. The presence of MIP signals as well in the upstream PS makes the
muon tagging even more robust. To maximise the number of muon events, a reasonably
low cut (> 15 ADC counts) is applied to the MC signal as shown in Figure 6.41. Out
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Figure 6.41: MC > 15 ADC counts, between p + 30 of the pedestal distribution and the
signal peak, has been chosen to select ~91k muon events. The blue and pink vertical

lines are at u + 30 of the Gaussian fit and at 15 ADC counts.

of ~102k total events of this run, a sample of ~91k muon candidates is selected. MIP
signals are observed at upstream PS for these events (Figure 6.42 left-top). The signal
distributions at two Cherenkov counters are also shown in Figures 6.42 left-bottom
and 6.42 right-top. On the other hand, the distribution of all events (~ 102k) at the
downstream MC is shown in Figure 6.42 right-bottom). During the data taking with
the muon beam settings, the detector orientation was the same as during the runs witn
positron beams, i.e., 1° in the horizontal plane with respect to the beam axis. For muon
data analysis, we have used the PMT and SiPM calibrations performed with positrons
(Section 6.3.1).
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Figure 6.42: The distribution of muon samples (~91k events), selected by the cut MC
> 15 ADC counts, at the preshower (left-top), the Cherenkov counterl (right-top)
and Cherenkov counter2 (left-bottom) which are upstream of the calorimeter. The
distribution of all events (~ 102k) for this run at the downstream muon counter. The
low cut to flag muons is indicated (right-bottom).

Reconstructed muon loss

Muons lose energy mainly by ionising the absorber material of the calorimeter. Muons
start producing bremsstrahlung radiation only at extreme energies. The muon en-
ergy losses has been reconstructed, independently, with the scintillation and Cherenkov
channels and the corresponding distributions are shown in Figures 6.43a and 6.43b.
The long tails of the two distributions are results of large event-to-event fluctuations
in the ionisation energy loss. Those fluctuations are primarily caused by the rare but
measurable occurrence of knock-on electrons (called d-rays), which gain enough energy
from the interaction to become ionising particles themselves. In the two distributions
the tails look identical but the peak positions differ from each other. The average
muon energy loss is measured by fitting the spectrum with a Landau distribution and
extracting the Most Probable Value (MPV). These values are measured to be 1.499
4+ 0.002 GeV and 0.522 £ 0.002 GeV, respectively for the scintillation and Cherenkov



122 EM-scale module qualification with SPS beam

channels. Geant4 simulation studies show that a point-like monochromatic beam of
180 GeV u™, steeered on the central tower of the module that is oriented at 1° in the
horizontal plane with respect to the beam axis, deposits as MPV 1.232 + 0.001 GeV of
its energy (Figure 6.44) in the EM-scale module. This is the MPV provided by the fit
of the the spectrum of 80k simulated events with a Landau distribution. The difference
with respect to the measured values for both the scintillation and Cherenkov channels,
is likely due to the fact that the energy calibration for ionisation processes is different
from the energy calibration for electromagnetic showers.
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Figure 6.43: Energy loss of a ~180 GeV SPS muon beam in the EM-scale calorimeter,
reconstructed by the scintillation (a) and Cherenkov (b) channels.

SPS data shows that the MPV of the Cherenkov signal is ~35% of the MPV of
the scintillation signal. Measurements with the DREAM calorimeter[23] showed that
the energy loss for 200 GeV muons reconstructed with the Cherenkov channels was
measured to be ~50% of that reconstructed with the scintillation channels, both cal-
ibrated at the EM scale. How much Cherenkov radiation is generated (and can be
detected) in the ionisation processes of a MIP (or by the primary particle) is still mat-
ter of discussion. Further studies, with both Monte Carlo simulations and beam data,
need to be done. The DREAM calorimeter (99.X,) had ~2 times more X, than the
EM-scale module (~53X). Hence, the reconstructed muon energy loss obtained with
EM-scale capillary-based module does not look in good agreement with the results from
DREAM. The orientation of DREAM module for these measurements was different,
6° in the horizontal plane and 0.7° in the vertical plane with respect to the beam axis.
For a better comparison of results, the correlation between scintillation and Cherenkov
signals for ~108 Gev to ~180 GeV muons traversing the EM-scale module and that for
muons ranging from 40 GeV to 200 GeV traversing the DREAM module, have been
observed. For the former case, an event-by-event scatter plot (Figure 6.45a) has been
observed, whereas for the latter, the MPVs of reconstructed signal distributions (Table
1, [23]) are plotted (Figure 6.45b). All energies have been reconstructed at the EM-
scale. The correlations between the dual-readout signals are given by Equation 6.23 for
the EM-scale module and by Equation 6.24 for the DREAM calorimeter. The slopes
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Figure 6.44: Simulation studies with a point-like monochromatic beam of 180 GeV
muons. Event-by-event distribution of the energy deposited by the muons in the EM-
scale calorimeter. The most probable value provided by the Landau fit is measured to
be 1.232 4+ 0.001 GeV.
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Figure 6.45: Event-by-event scatter plot of the scintillation and Cherenkov signals for
~108 GeV to ~180 GeV muons traversing the EM-scale calorimeter (a). The correlation
between scintillation and Cherenkov signals for 40 GeV to 200 GeV muons traversing
the DREAM calorimeter (b).
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and offsets are the results of two linear fits:
C=075-5—-040 (6.23)
C=084-5-0.78 (6.24)
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where C and S are the muon loss reconstructed by the Cherenkov and scintillation
signals, respectively. The two slops are comparable but the factor ~2 larger offset in
Equation 6.24 still lacks a clear explanation.
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Figure 6.46: Event-by-event distribution of the difference in the scintillation and
Cherenkov signals measured with the EM-scale calorimeter.

An event-by-event distribution of the difference between the scintillation and Cherenkov
signals, measured with the EM-scale module has been observed. This is illustrated in
Figure 6.46. In the assumption that the Cherenkov signal is only due to radiative losses
(assumption that is probably too simplistic), the MPV of this distribution, 0.94 GeV,
would provide an estimation of the ionisation loss by muons. Results obtained with the
DREAM module provided a measure of (S-C), as the difference of the two MPVs, rang-
ing from 1.171 to 1.181 GeV as a function of the muon-beam energy. This appears to
be hardly compatible with our observed value (0.947 GeV), because of the 100% larger
depth of the DREAM module. Finally, the absolute value of (S-C) was found, by the
DREAM collaboration, to be largely independent of the muon energy. Unfortunately
we could not have muon beams with different energies (and not even monocromatic).
The result is that, at present, there are more open questions than answers but, when
hopefully clarified, it should probably be possible to estimate, with a DRO calorimeter,
the difference between the ionisation and radiative components of energy loss by muons.
Dedicated data taking with muon beams of different energies is required to improve in
this direction.

Shower shape

The numbers of produced photoelectrons in SiPM sensors, separately for the scintilla-
tion and Cherenkov channels, have been measured fibre by fibre. In Figures 6.47a and
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6.47b, the X-Y plane depicts the fibre coordinates in the transverse plane of the module.
The Z-axis provides a measure of the number of photoelectrons for an integration of a
sample of ~91k muons with energy ranging from ~108GeV to ~180 GeV. The signal
in one clear fibre, at the bottom row, is set to zero (Figure 6.47b,) because of the “hot”
SiPM sensor associated with that fibre.
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Figure 6.47: In the transverse plane of the EM-scale calorimeter, the positions of the
scintillation (a) and clear fibres (b) of the central tower are shown. The Z (colour)-axis
represents the amount of signals in terms of number of photoelectrons in SiPM sensors
for an integration of ~91k events.

Shower barycentre

The barycentre of a shower is defined by a pair (X, Y) of coordinates where X and Y
are the sum of fibre coordinates weighted with signals developed in the fibres, divided
by the sum of signals in all fibres, as given by Equation 6.25.

Y X, E;

X=5E

. SY.E, (6.25)
- YF,

A shower has two independent barycentres, one for the scintillation and another for the
Cherenkov channel. Figure 6.48a shows a scatter plot of the X and Y coordinates of the
barycentres for the scintillation channels for the selected muon sample (~79k events).
For this study, muons within a beam spot radius of less than 1 cm were selected. Along
the Y direction an over population of events at a distance of ~3 mm is observed. To
understand the reason behind this, the average signal extracted from the SiPM sensors
associated to the scintillation fibres i.e., only from the central tower, is measured as
a function of Y coordinate of the barycentre for scintillation channels. It is shown in
Figure 6.48b. An oscillating pattern with a period of ~3-4 mm has been observed. This
observation can be explained as an effect of the following facts:
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e The maximum signal comes from a single fibre.

e Channeling effects may give rise to oversampling.

e The present design of the dual sampling i.e., same type of fibres appears in alter-

nating layers.
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Figure 6.48: A scatter plot of the X and Y coordinates of the shower barycentre for
the scintillation channels (a). The variation of the average total (SiPM) signals with Y
coordinates of the barycentre for scintillation channels. An oscillating pattern with a

period of ~3-4 mm is observed (b).



Ezxperimental results 127

A feature of SPACAL-type fibre sampling of showers is that the signal in one particular
fibre is the largest for an event. It is true also for the case of channeling, hence,
oversampling of the shower. From Equation 6.25, it can be understood that a specific
scintillating-fibre coordinate (X;, Y;) becomes the barycentre (X, Y) of shower for an
event due to largest value of the signal in that fibre. The spacing between two layers of
same type of fibres is ~3.5 mm (Figure 6.49). As, for most of the events, the barycentre
coordinates coincide with (or are very close to) the scintillating-fibre coordinates, the
plot 6.48a is overpopulated at gaps of ~3-4 mm.
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Figure 6.49: A small portion of the front face of the EM-scale calorimeter. The ~3.5
mm spacing between two illuminated scintillation layers is indicated. The ~2 mm
spacing between two consecutive scintillation fibres in the same layer is also indicated.

Simulation studies for vertical tilt

The effect of channeling on the barycentre distributions and the muon energy losses
reconstructed by scintillation and Cherenkov signals have been observed in simulation
studies for a 180 GeV point-like muon beam steering the front face of the calorimeter.
The calorimeter is oriented at some angle in the vertical plane and at 1° in the horizontal
plane with respect to the direction of the incoming particles. For module orientation at
19 and 0.4° in horizontal and vertical planes, respectively, the distributions of X and Y
coordinates of shower barycentres for scintillation and Cherenkov signals are illustrated
in Figures 6.50a and 6.50b. The distributions have non-symmetric short tails in either
sides. But the smoothness of the distributions or the absence of overpopulation of
events at equally spaced distances of Y coordinate of shower barycentre represent the
fact that channeling of a particle or development of significant amount of signals in
a single fibre can be avoided by implementing vertical tilts to the calorimeter. Figure
6.51 shows the absence of modulation in the average Scintillation signals extracted from
the SiPMs when plotted as a function of Y coordinates of barycentre for scintillation
channels. Also, the amount of muon energy losses, reconstructed individually with the
scintillation and Cherenkov signals, increases. This better sampling leads to a better
energy resolution.

Figure 6.52 shows the muon energy losses reconstructed with the scintillation and
Cherenkov channels as a function of the vertical tilt, with respect to the beam axis,
applied to the module. A scan on the vertical tilt from 0.2° to 2.5° with a fixed horizontal
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Figure 6.50: The distributions of X (a) and Y (b) coordinates of shower barycentres
for scintillation and Cherenkov channels for 180 GeV muons steering the front face of
the EM-scale module. The module is rotated at 1° and 0.4° in horizontal and vertical
planes, respectively, with respect to the direction of the incoming particles.

| Variation in S signals for 180 GeV muons

2.2

1.8

1.6

S SiPM signals [GeV]

g i A A
A A aA A=A A
PSS
A

—A—A—A—p—A—a—A—
- A-—aA-A—-A-A-aAmpTATATATAATA

1.4

\»‘H‘\H‘H\‘\H‘H\

=y

0.8

o
)

o
IS

o
N

IS \‘

L1 1 ‘ 111 | ‘ I ‘ 111 | ‘ I ‘ I - ‘ 111 | ‘ I
-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
barycentre Y [mm]

Figure 6.51: Simulation studies. The absence of modulation in the average Scintillation
signals, for 180 GeV muons, extracted from the SiPMs when plotted as a function of Y
coordinates of barycentre for scintillation channels.
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Figure 6.52: Muon energy losses reconstructed by the scintillation and Cherenkov chan-
nels as a function of the vertical tilt, with respect to the beam axis, applied to the
module.
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Figure 6.53: The MPVs of the muon energy losses reconstructed by the scintillation
(a) and Cherenkov (b) channels appear at higher values for a 0.4° tilt compared to the
ones at 0°.

rotation of 1° has been performed. 80k muons of energy 180 GeV were used for this
study. The horizontal lines represent the nominal muon energy losses reconstructed by
the scintillation and Cherenkov channels in the absence of any vertical tilt. The nominal
values appear at lower energies compared to the ones that are obtained with vertical
tilts. This can also be observed in the distributions of Figures 6.53a and 6.53b where
the MPVs of the muon energy losses reconstructed, respectively, with the scintillation
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and Cherenkov channels appear at higher values for a 0.4° tilt compared to the ones at
0°.



Chapter 7

Conclusion and outlook

The primary purpose of this thesis work was to understand the performance of a DRO
fibre-sampling EM-scale calorimeter prototype, for the first time built starting from
capillary tubes. Following the resolution of all the technical issues for the construction
and assembly of the prototype, tests with positron and muon beams were performed
in DESY and at the CERN SPS North Area. The main observations and learning
derived from the SPS data analysis (Sections 6.3, 6.4 and 6.5) are briefed in Section
7.1. Objectives on a scalable HiDRa readout are shortly described in Section 7.2.

7.1 Lessons from the EM-scale prototype tests

The EM-scale prototype has dimensions of ~2-Ry; (Ry; = 23.8 mm) and ~44-X, and
~b3-Xo (Xo = 22.7 mm) for the surrounding and central towers, respectively. When
hit at the centre, it has a nominal containment of ~94%, estimated with simulation
studies, independently for both the scintillation and Cherenkov channels. About 50%
of the EM-shower energy is contained within a cylinder with a radius of 1 cm. As
expected, the containment is the highest when the beam is steered at the central tower
rather than at the surrounding ones, because the number of shower particles leaking
out the module is comparatively lesser. However, during the tests with beam at the
CERN SPS, the shower containment was distorted as a consequence of the presence of
the upstream PS. Due to its distance from the calorimenter, the opening of the showers
starting in the PS was causing both more leakage and larger leakage fluctuations, as well
as a ~b5% variation in the linearity of the reconstructed shower energy normalised to the
beam energy. Among other studies, the response uniformity over the transverse surface
of the calorimeter was studied with a 40 GeV positron beam steered at the common
corner of four towers. The relative spread (o over mean) was calculated to be 6.2%
and 5.0% for the scintillation and Cherenkov channels, respectively. The spread was
improved and measured to be 3.8% and 4.3% when the results from the two independent
measurements were combined by weighted and unweighted average, respectively. These
fluctuations are dominated by geometrical effects, a too small impact angle of the beam
particles and the discrete and alternate fibre pattern. Also the lateral leakage due to
distant positioning of the PS contributes to these spreads. An EM energy resolution
of 24%/ VE + 0.006 was estimated for the combined signals. The prototype aims
to achieve an EM energy resolution of ~15%/ VE. Further analysis is ongoing to
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implement corrections in order to try to account for the geometrical effects mentioned
before.

It is clear that most of the above problems can be avoided with a better geometrical
arrangement. It appears that, for the beam tests of the EM-scale prototype, the stan-
dard setup used for the RD52 prototype tests was followed. Due to the much larger
dimensions of the RD52 prototype, ~(28 x 28) e¢m?, the fact that the PS was installed
at 2.8 m upstream, was not causing significant issues. For the EM-scale prototype, this
was a mistake that caused significant energy leakage and even more significant leak-
age fluctuations. On top of that, a too small impact angle (1°) of the beam particles
in the horizontal plane and the no impact angle (0°) in the vertical plane introduced
geometrical effects that were reflected in the measurements of response uniformity and
EM energy resolution. Last but not least, the quality of the measurements was also
affected by issues due to the tracking devices (the two DWCs not properly working)
and the very poor purity of high-energy positron beams on the SPS beam line.

In order to acquire data with less beam contamination and improved systematic
arrangements (PS mounted close to the calorimeter module, a properly working tracking
system, etc.), the DRO collaboration has decided to test the EM-scale calorimeter
at the CERN SPS again in 2023, in case on a different beam line. Significant and
different combination of the horizontal and vertical orientation of the module with
respect to the beam axis will be thoroughly studied. In addition, experimental data
are needed to better understand the response of the calorimenter to MIP particles. In
all cases, the comparison with Geant4 predictions and their validation, will constitute
a stepping stone for detector development. The fibre SiPM readout indeed can provide
measurements with an unprecedented granularity so that the energy deposition pattern
can be analysed with great details.

7.2 Some objectives on HiDRa

The above work is setting the ground for building a hadronic-scale prototype. As
briefly discussed in Section 4.4.2, the HiDRa project is the next potential step (already
started), towards building a calorimeter for IDEA, capable of fulfilling the detector
requirements for future circular leptonic colliders. HiDRa aims to exploit the following;:

e Validation of a feasible solution for the technical and mechanical construction.

e Design and validation of a compact and scalable readout architecture based on
SiPM sensors.

e Validation of the Geant4 hadronic shower simulation models.
e Assessment of hadronic performance of the calorimeter.

e Assessment of the longitudinal shower position reconstruction through timing
measurements.

e Exploitation of Deep Neural Network (DNN) algorithms [78, 79] in final-state
identification and reconstruction.
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Figure 7.1: One FEE board reads eight SiPMs that are interspaced by 2 mm. Blue strips
represent cabling (a). Scintillation and Cherenkov light collections are well separated
to fully avoid optical crosstalk. Two FEE boards are attached by clips (b).

The scalable readout solution that is under studies and that will be adapted for
HiDRa, is briefly outlined here. Amongst the 86 016 channels of HiDRa, 10 240 fibres
in the two central modules will be read out by SiPMs and thus a highly granular core
will be formed. The rest of modules will be read out by 150 PMTs. Handling such a
large number of SiPMs is a challenge for the design of the detector rear end and FEE
boards. For the two highly granular modules, 2 x 10 FEE boards are required. Custom
designed module (from HAMAMATSU) with 8 SiPMs, each of area (1 x 1) mm?, 2
mm interspaced and 10 or 15 pm cell size, are under studies. Signals from eight SiPMs
will be summed up in a grouping board and read by one FEE board.

Figure 7.2: In one minimodule each fibre is equipped with a single SiPM. 64 FEE boards
(one board per eight SiPMs) serve one minimodule (a). With 8-channel grouping, one
FERS card serves 64 FEE boards, i.e., 512 channels (b).

Figure 7.1a shows the mechanical drawing of one FEE board and the cables. Two
modules are well separated to fully avoid optical crosstalk, i.e., the contamination be-
tween scintillation and Cherenkov lights (Figure 7.1b). A minimodule (512 channels)
requires 64 (512 =+ 8) FEE boards that, with the grouping of the signals of 8 FEE chan-
nels, are served by one FERS board (Figure 7.2b). The option for using digital SiPMs
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is also under discussion. Recently, the qualification of PMTs has started in Catania
and Pisa.



Appendix A

Construction and data quality of
Micromegas for NSW

A.1 The ATLAS experiment

The ATLAS detector is designed to exploit the full physics potential of the proton-
proton collisions at the LHC. Hence, it is hermetic and covers nearly the full 47 solid
angle around the IP. Its subsystems, the Inner Detector [80, 81, 82], the electromag-
netic, hadronic and forward calorimeters [83, 84] and the outermost Muon Spectrometer
[85, 86], are designed for the identification of particles and measurements of their kine-
matic properties. ATLAS has concentric detector layers in the so called barrel region
and is sealed by the two endcap structures where the detector layers are in form of disc
shapes. The subsystems are cylindrically symmetric as the particles produced in the
collisions have no preferred direction in the plane transverse to the beamline. Hence,
ATLAS is roughly cylindrical with the LHC beampipe as its longitudinal central axis
and is about 44 m long and 25 m in diameter. The overall weight of the detector is
approximately 7000 tonnes. An overview of the ATLAS detector is shown in Figure
A.1. The subsystems are capable to tolerate high-intensity radiation doses from the
LHC and use radiation-hard, fast electronics which provide distinct readout for a 25 ns
bunch crossing rate. ATLAS makes use of four superconducting magnets [87]; an inner
solenoid, a barrel toroid and two endcap toroids. These are cooled with liquid helium
and maintained at an operating temperature of ~4.7 K.

A huge amount of data (~1.6 MB raw data per event) is produced at a 40 MHz
collision rate of proton bunches with around 30 collisions (pile-up) per bunch crossing
(i.e., 10% collisions per second). The ATLAS Trigger and Data Acquisition (TDAQ)
system [89] handles the online event selection based on physics processes of interest
(e.g., the production of Z bosons) and the readout of data for the selected events. The
hardware based Level-1 (L1) trigger reduces the rate of 40 MHz down to ~100 kHz
and the software based High Level Trigger (HLT) reduces it even further to about 1
kHz in average. The selected events are sent for full reconstruction at the CERN on-
site computing center called Tier-0. A detailed description about the operation of the
ATLAS trigger system in Run 2 can be found in Ref. [90].

The ATLAS data taking is a collection of runs which typically correspond to one
LHC fill [90, 91]. Each run is split into small sections of time, referred to as Luminosity
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Figure A.1: Overview of the ATLAS detector with labelled subsystems and magnets.
Ref. [88]

Blocks (LBs). A LB has a length of ~ 60 s and is identified by an integer unique within
a given run. The instantaneous luminosity is approximated to be constant within a
LB interval. Data events inside a LB are recorded under the stable detector conditions
(including the trigger system and its configuration). The integrated luminosity can
then be expressed as:

L= Lip-Atyp (A1)
LBs
where L p is the constant luminosity inside the LB, Aty p is the duration of the LB
and the sum runs over all the LBs in the considered time window. After data taking in
Run 2 (2015-2018), an integrated luminosity of 139 fb~! is available for data analysis
after rejecting those LBs where essential detector components were malfunctioning. A
complete description of the ATLAS experiment can be found in Ref. [88].

A.2 LHC Phase-I upgrade and NSW

The LHC and its experiments have gone through several upgrades [92] during the Long
Shutdown 2 (LS2) in order to increase the instantaneous luminosity of 103cm=2s7!
and deal with it in Run 3 (2022 - 2025). One of the main upgrades of the ATLAS
experiment was the replacement of the innermost station of its muon endcap system,
the Small Wheel (SW), by the New Small Wheel (NSW) [93], as indicated in Figure A.2.
The SW was not designed to exceed the original design luminosity of the LHC, whereas
the NSW has been designed to cope with high background radiation environment upto

~15 kHz/cm?.
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Figure A.2: One of the two NSWs, the innermost station of the muon endcap system,
is indicated.

The two SWs were equipped with Cathode Strip Chambers (CSCs) and Monitoring
Drift Tubes (MDTs), whereas the two NSWs are equipped with MicroMegas (MM) and
small-strip Thin Gap Chamber (sTGC). Because of the small gap and strip pitches
(Section A.4.1), the MM serves as the primary precision tracking detector. On the
other hand, the sTGC acts as the primary trigger system (L1), because of the single
bunch crossing identification capability. The MM can also confirm the existence of track
segments online and the sTGC can measure muon tracks with good precision offline.
So, the sSTGC - MM combination is a redundant detector for triggering and tracking.
The main performance criteria of the NSW are listed below:

e The angular resolution of ~1 mrad for online reconstruction of track segments
(for L1 trigger).

e 100 pum spatial resolution for precision reconstruction of tracks for offline analysis.
e 0.4 mm granularity in track-separation.
These requirements demand the following mechanical precision:

e Knowledge of the absolute position of each detector unit at the level of 60 pm or
better.

e Planarity of all detector surfaces with RMS below 37 pm.

And, these numbers bring enormous complexity in the construction.

A.3 A Micromegas double wedge

The NSW is a composition of eight small and eight large trapezoidal, multi-layer sectors
(Figure A.3a). Each sector (Figure A.3b) comprises of two sTGC quadruplets and two
MM quadruplets i.e., a MM double wedge or eight MM detection layers. For the first
time, MM detectors of large size (up to 3 m?) have been employed in a HEP experiment.
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Figure A.3: All sixteen sectors are installed and the NSW-A is ready to be transported

inside the cavern for commissioning. One large sector is indicated (a).

A schematic

sketch of one sector (b). A sketch of five panels (multiplets) that are assembled to form

a MM quadruplet i.e., four MM detection layers (c). Ref. [94]
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Each MM quadruplet [94] is a composition of five certified panels forming a multiplet
(Figure A.3c). Two of these five panels are double faced ReadOut (RO) panels that
consist of Printed Circuit Boards (PCBs) with carbon resistive strips, Cu RO strips
and pillars to support and stretch the micro-mesh. These mentioned components of
the PCBs will be introduced in the next Section A.4. The RO panels are of two types,
namely eta and stereo. In eta panels, the resistive and readout strips run parallel to the
trapezoid bases. In stereo panels the resistive and readout strips run with +1.5° angles
with respect to the direction of the bases. The two cases reconstruct and measure two
different coordinates of the experimental coordinate system [94].

The constructions of 4 types of Small (S) and Large (L) MM Modules (M), namely
SM1, SM2, LM1, LM2, were distributed over different countries: Italy, Germany,
France, Russia/Greece, respectively. Two MM quadruplets of a small (large) sector
is a combination of SM1 (LM1) and SM2 (LM2) panels. SM1 and SM2 (also LM1
and LM2) RO panels are composed of five and three trapezoidal PCBs, respectively.
The two NSWs are integration of 128 quadruplets (32 of each type). Italy took the
responsibility of SM1 panel construction. INFN-Pavia, in particular, was responsible
for the construction of 64 SM1 RO panels for the two NSWs. One RO panel is made of
10 (2 x 5) PCBs on both surfaces. So, one RO panel supports two micro-meshes and
builds two MM detection layers.

A.4 Micromegas

My ATLAS Qualification Tasks (QTs) (Sections A.5 and A.6) were solely focused on
Micromegas. So, the working mechanism and dimensions of the detector are described
here.

A.4.1 Operating principle

Micro mesh gaseous structure (Micromegas) or MM [95] is an MPGD. It consists of
a planar drift electrode, a thin metallic micro-mesh and a readout electrode (Figure
A.4a). The gas gap of a few millimetres between the drift electrode and the mesh acts
as the conversion and drift region, whereas the thin amplification region of ~ 128um
is formed between the mesh and the electrode. A sketch of the Micromegas operating
principle is shown in Figure A.4b. The HV potentials have been chosen to create a
relatively low electric field of ~0.6 kV/cm in the drift region and of 40 - 50 kV/cm
in the amplification region. Charged particles traversing the drift gap ionise the gas
(typically, Ar:C Oy :: 93:7). The liberated electrons drift towards the mesh and as the
electric field of the amplification gap is ~ 100 times stronger than the drift gap, the
mesh becomes transparent for most of the electrons. In the amplification gap avalanche
of electrons takes place in a fraction of nanosecond and charge clusters are formed.
Positive ions produced in the process move back towards the mesh. Due to relatively
low drift velocity, it takes ~100 ns for the ions to reach the mesh. Still it is quite faster
compared to other gas detectors.
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Figure A.4: A layout (not to scale) of the Micromegas is illustrated (a). Operating
principle of the Micromegas: the muon track, its ionisation and cluster formations are
depicted (b). Ref. [93]

A.4.2 Spark protection

Micromegas detectors are vulnerable to sparking. Sparks occur when the total number
of electrons in the avalanche reaches a few 107. To avoid the risks of detector and readout
damaging or large dead time, a spark protection system [96, 97] has been developed. A
carbon resistive strip layer is added on top of a thin insulator (kapton foil) layer just
above the readout copper electrode as shown in Figures A.5a and A.5b. The strip pitch

Mesh support pillar Resistive strip Embedded resistor Resistive strip

AY AY

N PR
Kapton foil ~ 450 pm Cu readout strip Nottoscale | GND Cu readout strip
(a) (b)

Figure A.5: Schematic diagram of spark protection principle. Two cross-sections at 90°
angles are shown. Parallel resistive and Cu strips (a). One resistive strip is embedded
on top of kapton foil above one readout Cu strip (b). Ref. [93]

and width are ~450 ym and ~300 pum, respectively. The heights of carbon resistive
and Cu RO strips are ~15 ym and ~17 pm, respectively. The resistance of the carbon
strips is a few MQ/cm. So, the detector can operate at high gas gain and the readout
strips are not directly exposed to charges created in the amplification gap. Rather,
signals are induced via capacitive coupling to the readout strips. A detailed overview
of the construction of Micromegas for the ATLAS NSWs is narrated in Ref. [98].

Two tasks, a hardware activity and a software development, have been assigned to
me for being qualified as an ATLAS author. The hardware activity was participation
in the construction of SM1 RO panels, in particular, the electrical tests of the PCBs
and constructed RO panels for QAQC. The software activity was developing the tools
for monitoring (online) the data quality of Micromegas during Run 3.
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A.5 Electrical tests and construction

The main components of the SM1 RO panels are PCBs. The electrical properties of
the PCBs are critical for the electrical stability and performance of the detector. So,
several point-to-point impedances were measured for each PCB produced by Eltos®.
The resistive strips and RO Cu strips are already described in Section A.4.2. Another
important element for electrical connection is the silverline. It provides the HV connec-
tion to the resistive strips. The resistive and Cu strips are disconnected in the middle of
a PCB. So tests were performed on both sides of a PCB. Figure A.6 illustrates a sketch
of all electrical contact points on a PCB, whereas Figure A.7a shows the largest PCB
of a SM1 RO panel and the electrical connections at one side are indicated. The tools
used were an automated insulation tester (Megger BM 25) (Figure A.7b), a plexiglass
tool with probes (Figure A.7c), multimeters, cables with banana plugs, metal bars and
single probe tools. The following resistances were checked PCB by PCB:

Figure A.6: A schematic sketch of different electrical contact points on a PCB.

e Resistances of the resistive strips at borders and main active region of a PCB
with respect to the HV were measured to be a few M(2.

e Silverline isolation with respect to the resistive strips provided a measure of HV
stability. Most of the tested silverlines were very well insulated (~ 1 T(Q). Isola-
tion was measured at 1000 V of insulation tester for 2 minutes.

e Insulation of the resistive strips with respect to the RO Cu strips (due to presence
of kapton foil) was measured to be ~ 3 G{2.

e Resistance of the resistive strips along the borders of the active region was mea-
sured to be greater than 0.8 M) to confirm the HV stability. Otherwise, PCBs

*https://eltos.com/
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were sent back to CERN for passivation or deactivation of the border regions.
After passivation the resistances were measured to be 100 Gf).

Resistive strips are disconnected . 5 probes for borders of PCB active region
in the middle of PCB

HV Pins Cu Strip

Single

S ¢ Silverline
probe too

contact

contac

Figure A.7: The largest PCB of a SM1 RO panel. The HV connection, the Cu RO strip
connection and the silverline at one side of the PCB are indicated (a). The automated
insulation tester (Megger BM 25) used to measure high resistances e.g., ~G$ or more
(b). A plexiglass tool placed on one side of a PCB. The probes are indicated. The
single probe tool for connecting the resistive strips in the active area of the PCB is
shown (c).

After the electrical tests on the PCBs were carried out, five PCBs of different sizes
were placed on high-precision aluminium plates, mounted on a granite table. The gran-
ite table, having a planarity with a certified maximum deviation of 8 um, was used as
reference for both the construction tools and the measurement system. The aluminium

(a) (b) (c)

Figure A.8: An automatic glue dispenser was installed (a). Honeycomb structures
and aluminium bars are placed on the top of glued PCBs before placing another layer
of PCBs (b). One assembled SM1 readout panel that has two back-to-back layers of
readout PCBs with pillars for the mesh. The inset image indicates the insulation (>30
G(2) of the junction glue at the silverline position that has been measured with respect
to the HV inputs of both PCBs (c).
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plates were equipped with vacuum suction systems. For each Micromegas layer, the
fine positioning of the PCBs were achieved by exploiting the vacuum technique. An
automatic glue dispenser was installed (Figure A.8a). Two Micromegas layers, brought
back-to-back using a stiff-back plate, were separated by glued honeycomb structures
and aluminium frames (Figure A.8b). Figure A.8c¢ shows one assembled SM1 RO panel
i.e., two back-to-back Micromegas layers. The use of reference holes on plates and cal-
ibrated Contact-CCDs (C-CCDs) assured the quality of alignment that was measured
to be excellent and within requirements.
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Figure A.9: The distribution of the Rasfork mask displacement. The standard deviation
of ~18 um shows an excellent alignment (a). The average thickness of all panels for
both sides, with vacuum sucking either ON or OFF (b). The distribution of thickness
for all panels. The standard deviation of 24 ym shows an excellent planarity (c). Ref.
[99]
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Figure A.9a shows the distribution of the calibrated mask (Rasfork tool [100]) dis-
placement measured by the C-CCDs. The standard deviation of ~18 pym shows a good
positioning and alignment. Figure A.9b shows the thickness measurement of 70 (64 +
6 spares) RO panels as a function of the panel number. The corresponding histogram
is shown in Figure A.9¢c. The nominal value of the thickness was measured to be 11.5
mm, whereas a standard deviation of ~24 pm shows an excellent planarity below the
upper limit of 37 pum that was required to guarantee the constant gain of the detector.

As mentioned before, the electrical tests were performed again on the assembled RO
panel, as a step of finalisation, before transportation to the INFN Laboratori Nazionali
di Frascati where assembling of the quadruplets took place. The previously mentioned
first three electrical tests performed on each PCB were repeated on both surfaces of
the constructed RO panels. The excellent results obtained are shown in Figure A.10.
One more electrical test was carried out on the junction of two PCBs at the silverline
position (Figure A.8 inset image). The insulation of this junction glue was measured
with respect to the HV inputs of both PCBs and for most of the tests it was greater
than 30 GQ2. A pen-like tool with probe and the automated insulation tester were used
for these measurements. A detailed description of the construction procedure of the
SM1 RO panels along with all the quality control tests, e.g., electrical tests, gas tests
etc., can be found in Ref. [99].

A.6 Online-DQ monitoring for Micromegas

The Data Quality Monitoring (DQM) [101] is an integral part of the data taking process
of the ATLAS experiment. It can occur both in online and offline environment. The
online DQM in the ATLAS Control Room (ACR) is the first line of defense to catch
and mitigate data loss. It provides the shift personnel with live information about the
ongoing run. If the data taken is determined to be faulty, the run is marked accordingly
as not to be used for physics analysis. The online DQM involves analysis of monitoring
data through predefined and user defined DQM Algorithms and then display of analysis
results, while the data is being processed. This information is used by the shift operators
and the detector experts to make an assessment on the quality of the current run and
is then archived for future reference. The DQM provides XML files that constitute the
Good Runs Lists (GRL) that are certified for use in physics analysis. These files are
fully integrated into the analysis tools used by the ATLAS collaboration.

A.6.1 Configuration database and DQMF

For developing the online DQM of Micromegas, partition, a self-contained TDAQ sys-
tem, has been configured. Configuration database includes files for the TDAQ release
09-01-00. The database describes all the parameters, that are spread over multiple
files located in different sub-folders (e.g., schema, sw, hw, segments and partitions), of
a TDAQ system. The configuration has been set up in the ATLAS TDAQ Test Bed
machines that are connected to the CERN General Public Network (GPN).

The Data Quality Monitoring Framework (DQMF) [103, 104] interacts with the
online monitoring services as well as some other online services provided as part of
the ATLAS TDAQ software infrastructure, in order to fulfill its objectives. Figure
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Figure A.10: Results of the electrical tests for the SM1 RO panels. Most of the tested
silverlines are very well insulated. The peak of the distribution is at ~ 1T (a). The
distribution of the resistive strip isolation with respect to the HV has a peak at ~2
MQ for the borders and at ~5 M for the main active regions (b). The distribution of
isolation of the resistive strips with respect to the RO Cu strips has a peak at ~30 G2
(c). Ref. [99]
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Figure A.11: Interaction of the DQMF with the TDAQ online services. Ref. [102]

A.11 shows a graphical representation of these interactions between the DQMF and the
TDAQ online services. We have included GNAM [105] framework in the configuration
database for event (raw data) analysis. The GNAM produces results for the current
run in forms of histograms that are published to the Information Service (IS) via the
Online Histogramming service (OH). Data quality assessments have been performed
based on the analysis of these histograms. The DQMF executes DQM Algorithms on
the input histograms and provides DQM Results as output. The results are presented
to the shift operators by the Data Quality Monitoring Display (DQMD) [106].

A.6.2 DQM Algorithms

The DQMF provides ~150 predefined DQM Algorithms' in a form of shared library.
These are used for the most common checks for histograms, like whether all bins are
filled, number of underflows/overflows, fittings, threshold application, etc. Figure A.12
shows that the predefined DQM Algorithm, “All Bins Filled”, has been defined as an
instance of the ‘DQAlgorithm’ class in an XML file of the configuration database. In
addition to predefined algorithms, user defined DQM Algorithms are also developed
and used in the system on the fly without modifying the core software.

class="DQAlgorithm" id="All Bins_Filled"
name="LibraryName" type="string" val="libdgm algorithms.so"
name="ParametersNames" type="string" num="0"

name="ThresholdsNames" type="string" num="0"

Figure A.12: The predefined DQM Algorithm, “All Bins Filled”, has been defined as
an instance of the ‘DQAlgorithm’ class in a configuration database file.

"https://gitlab.cern.ch/atlas/athena/-/tree/master/DataQuality/dqm_
algorithms


https://gitlab.cern.ch/atlas/athena/-/tree/master/DataQuality/dqm_algorithms
https://gitlab.cern.ch/atlas/athena/-/tree/master/DataQuality/dqm_algorithms
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The two NSWs have been tested, sector by sector, at the cosmic test stand of
Building 899 at CERN (BB5) [107, 108]. The GNAM framework of the configured
partition has used the data files from the cosmic tests for event analysis and produced
histograms. Some of these histograms, listed below, have been analysed using predefined
and user defined DQM Algorithms.

1. Cluster occupancy, i.e., the distribution of the Centre Of Gravity (COG) position
of clusters for each layer.

2. Cluster charge, i.e., the distribution of charge collected in each cluster.

3. Layer timing, i.e. the drift time of each channel in a layer.

4. The number of packets per event for a sector.

5. Occupancy eLink, i.e. the distribution of number of packets from each elink.

6. The distribution of relative Bunch Crossing IDentifier (BCID) for all channels.
This parameter was mimicked by the electronics for the cosmic tests.

7. Missing VMM, i.e., the missing VMM bit pattern for all elinks.

User defined DQM Algorithms have been developed in C++ language and using
the ROOT? framework for some of these histograms. These algorithms for the first two
distributions in the mentioned list are discussed below.

Cluster occupancy

A charge particle traversing the gas gaps of Micromegas leaves a signal, referred to as
a hit, on a readout strip. On a Micromegas layer, hits on nearby strips are grouped
into clusters. Figure A.13 illustrates a distribution of cluster occupancy, i.e., number
of hits per readout strip, for layer 6 of sector A03. Each layer, made up of eight PCBs,
has total 8192 (8 x 1024) channels. “ClusterAlgorithm.cxx” has been written in order
to perform four tasks:

e (Calculation of the percentage of dead channels.

e (Calculation of the percentage of noisy channels.

e Checking the uniformity of hit statistics for the eight PCBs.
e Application of the DQM flags.

For counting the number of dead channels, i.e., the RO strips with no hits, the zero
bin content channels are counted. For noisy channels, a mean value of the number
of hits per channel for the eight PCBs has to be defined. The non-zero bin contents
are normalised with respect to area of the corresponding PCB. A vector, filled with
these normalised values, has been sorted in the algorithm. The average value of the
cell contents, from the middle of the sorted vector, has been registered as ‘Mean Hit
from All PCBs’ (Mgy92). If the ratio of a cell content of the vector and Mgjgs is greater

fApplication Specific Integrated Circuit for Micromegas
Shttps://root.cern.ch/
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Figure A.13: The distribution of cluster occupancy for layer 6 of sector A03.

than or equal to 20, then the corresponding channel has been counted as a noisy one.
In a similar way, ‘Mean Hit Single PCB’ (Mj024) has been calculated separately for the
eight PCBs. If Moy < (M8192 + 5\/M8192), then the corresponding PCB is considered
as ‘Good’.

Debugging of any user defined DQM Algorithm has been performed outside the
GNAM partition and the DQM environment. A running partition generates ROOT
files where histograms of the run are written. The algorithms have been implemented
on these histograms in order to debug the codes. Debugging of the user defined algo-
rithm “ClusterAlgorithm.cxx” with the cluster occupancy histogram of layer 4 (sector
A03) is discussed here. The number of empty bins is counted to be 479 out of 8192.
Hence, ~5.8% channels are dead. The algorithm calculates Mgigo to be ~283 as shown
in Figure A.15a. It is represented by the red line in Figure A.14 that is a distribution of
number of hits normalised with PCB areas for all the channels of the Micromegas layer.
The noisy channels are those having the number of hits > (20x283). The 33 channels
which appear above the green line in Figure A.14 are detected as noisy. Hence, 0.4%
channels are noisy for this layer. The average hit statistics is measured for each PCB.
Figure A.15b shows the distribution of hit statistics for PCB 8 and the average is mea-
sured to be ~202. This average, individually, for PCB 1 and 4 is below 283 —5-\/Z283).
So these PCBs are identified as problematic (‘Not Good’). The non-uniform hit statis-
tics of this Micromegas layer is clearly visible in Figure A.14. The lower and upper
thresholds are defined in the algorithm to process the analysis outcome as the DQM
Result. This is described in the next Section A.6.3.

Cluster charge

The number of hits per cluster is a measure of charge in a cluster. The amount of
charge (in fC), event by event, forms a cluster charge distribution. It is mentioned in
Section A.5 that the readout strips are disconnected at the middle of the PCBs. Hence,
for each PCB, there are two cluster charge distributions and for a Micromegas layer,
there are sixteen (8x2) cluster charge distributions. Figure A.16 shows one of the two
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Figure A.14: Debugging of the user defined DQM Algorithm “ClusterAlgorithm.cxx”
on a cluster occupancy distribution. The algorithm calculates the average number of
hits, ~283, that is represented by the horizontal red line. The noisy channels are those
having the number of hits > (20 x 283). The 33 channels which appear above the
horizontal green line, are found to be noisy. For PCB 1 and 4, the hit statistics are
comparatively lower.
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Figure A.15: The distribution of the number of hits per channel from the middle (1928
cells) of the sorted vector of size 8192. The mean (Ms92) of this histogram is ~283 (a).
The distribution of the number of hits, normalised by the PCB area, for PCB 8. The
mean is ~202 (b).
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cluster charge distributions of PCB 4 for a Micromegas layer. The DQM Algorithm
“ClusterCharge.cxx” first fits the distribution with the Landau function. The MPV of
the fitted distribution (Chspy ) has been noted. The values, that are defined in the algo-
rithm as the lower and upper thresholds of the MPV, are 15 fC and 45 fC, respectively.
The algorithm checks whether C';py falls within the range from 15 fC to 45 fC or not.
Accordingly, the DQMF will show either the Green or Red status as the DQM Result
for the histogram.

Cluster Charge layer 0, region d+

— landau 0 d+
1000— Entries 66493
— Mean 66.46
B S;d Dev 53.96
- xZ2 / ndf 6479/ 286
800_ Prob 0
- Constant 5341+ 33.0
- MPV 33.33x0.12
B-:m_— Sigma 11.22+0.05
400_—
20(1_—
0 7{| | Fipsi %Mmdﬂ-ﬂﬂv@‘

0 250 300
fC

Figure A.16: One of the two cluster charge distributions of PCB 4 for a Micromegas
layer. The MPV of the distribution, 33.33 4+ 0.12, is extracted from the Landau fit
parameters.

A.6.3 DQM Result and Display

The DQM Result object contains a colour code value (Red, Yellow, Green, Grey or
Black) that represents the data quality status (Bad, Warning, Good, Undefined or
Disabled, respectively) for a given element of the DAQ system. In addition to that it
may also contain a reference to the detailed numerical results or histograms that have
been produced by the DQM Algorithm.

In previously mentioned algorithm, “ClusterAlgorithm.cxx”, “Green” and “Red”
thresholds are defined for the three evaluations, i.e., percentage of dead channels, per-
centage of noisy channels and number of ‘bad” PCBs. Figure A.17 shows values of
thresholds for this algorithm. The final colour code, as an expression of the DQM Re-
sult, is implemented by combining the results of the three evaluations with the following
logic:

e RED: At least, one of the three evaluations is above the Red threshold.
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e GREEN: All three evaluations are equal or below the Green thresholds.

e YELLOW: At least, one evaluation is between the Green and the Red threshold
(i.e., one or two checks may be < Green threshold).

For the previously chosen cluster occupancy histogram, the two checks (~5.8%
dead channels and two ‘Bad’ PCBs) are between the Green and Red thresholds and
the other one (0.4% noisy channels) is below the Green threshold. So, the final state of
the DAQ element, i.e., the given histogram, is represented by a Yellow flag applied by
the DQMF. Figure A.17 shows part of the DQM Display that prints the name of the
DQM Algorithm, the parameter(s) and the RED/GREEN thresholds, the description
of what the algorithm checks and a troubleshooting message. The parameter(s) and
values of the RED/GREEN thresholds are defined in an XML data file of the DQMF.
This allows, as mentioned before, implementation of changes in algorithms without
modifying the core code.

Result Configuration Description Troubleshooting
2021-Apr-25 cluster_occupancy 6 It is cluster occupancy. The Log it and ask NSW expert
11:31:51 Histogram(s code checks percentage of

Histogramming.Gnam2./SHIFT/ dead channels, percentage of

clusters/clusterOcc_6 noisy channels and the

Veight: 1 unformity of hit statistics for 8
Algorithm: ClusterAlgorithm PCBs.
Parameters: minimum

n-c.)is-..e_h it/average_hit=20

3< <8;
3= <§:
D= <3:

Figure A.17: Part of the DQM Display is shown. It prints the name of the DQM Algo-
rithm, the parameter(s) and values of RED/GREEN thresholds defined in XML data
file of the DQMF, the description of what the algorithm checks and a troubleshooting
message.

DQM Parameter objects and DQM Region objects are defined in XML data file of
the DQMF. A DQM Parameter is an element of the DAQ system, e.g., a histogram,
whereas the DQM Region class is a self-contained part of the DAQ system, like a
detector or a sub-detector. The display DQMD allows easy navigation between all
DQM Regions and Parameters, providing flexibility for visualisation of DQM Results
produced by the DQMF. All DQM Regions, sub-Regions and Parameters are organised
in a tree where each element is coloured according to the result of the applied algorithm.
For each DQM Region the status colour is inferred from the status of underlying DQM
Parameters.

After testing the predefined and user defined algorithms on histograms of individual
sectors, these algorithms are implemented on histograms of all the sectors of the two
NSWs. The DQM display, illustrated in Figure A.18, shows the sixteen sectors as DQM
sub-Regions of the higher DQM Region NSW-C. Each sector sub-Region is branched
in further sub-Regions that are eight layers. On the other hand, Figure A.19 shows a
more complete view of the DQM Display with two panels. The left panel displays an
organised tree of the DQM Regions (e.g., NSW-A), the sub-Regions (e.g., sector A01),
and all the DQM Parameters (e.g., ClusterOccupancy_L1_A09) with the root node
“nsw”. It can be observed that the Green status of the Region ‘Event_A09’ is derived
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NSW-C

Figure A.18: The DQM Display: NSW-C as the DQM Region and its sixteen sectors as
DQM sub-Regions are displayed. Each sector sub-Region has eight layer sub-Regions.
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Screenshot

Troubleshooting
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Figure A.19: The DQM Display: The left panel displays DQM Regions, sub-Regions
and DQM Parameters organised into a tree with the root node “nsw”. The right panel
displays histograms as DQM Parameters, colour codes as DQM Results along with
configuration, description and troubleshooting messages.

from the Green status of its three Parameters. The right panel displays the detail of
all parameters of the Region that has been clicked. Histograms as DQM Parameters
are shown with colour icons as DQM Results. For each histogram the DQM Algorithm
description, parameters, threshold values and other messages are also displayed.
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