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Introduction

When I was about to start my PhD I made myself the promise to learn every-
day something new. My goal was to get involved in as many aspects as possible
of a modern High Energy Physics experiment, gaining experience in both the
hardware and in the physics analysis worlds; not an easy task, as I experienced.

This thesis tries to follow this philosophy; after a short introduction to the
Standard Model and to the ATLAS experiment, three distinct topics related
to the ATLAS experiment will be described highlighting my personal contri-
butions.

In chapter 4, a long term ageing study on small Micromegas detector proto-
types carried out at the Gamma Irradiation facility at CERN is reported. The
project has been of great importance in the context of the ATLAS New Small
Wheel upgrade, since it showed how performance changes when Micromegas
detectors are irradiated for a long time in high rate particle environments. In
addition, high rate performance studies have been performed, supported by a
dedicated Geant4 simulation.

Chapter 5 is dedicated to the quality control procedures that I contributed
to set up and perform on more than 1500 readout boards for the mass produc-
tion of the Micromegas detectors in view of their installation in the experiment
from 2019. This task has been, and still is, a crucial aspect for the upgrade
project: our responsibility is to certify the quality of the most complex part
of the detector, investigate source of problems and figure out solutions to be
quickly implemented on the production chain of our suppliers. In the chapter,
I will emphasize the complexity and responsibility of this task and of its large
impact on the Collaboration.

Chapter 6 is focused on a search for Dark Matter based on 36.1 fb−1 col-
lected by the ATLAS experiment. Dark Matter is known to be a dominant
component of the Universe. It might be directly produced at colliders, de-
pending on the mass and interactions, and the search for WIMPs (Weakly
Interacting Massive Particles) is one of the main field of search of new physics
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at LHC. The analysis described is based on a Simplified Model, where the
Standard Model (SM) is coupled to the Dark sector by means of spin 0 scalar
or pseudoscalar mediators. In particular we are looking for Dark Matter pro-
duction in association with two top quarks, leading to two leptons in the final
state. I will discuss the model, how physics objects are reconstructed in AT-
LAS, then focusing on the analysis strategy, based on the comparison of the
observed and estimated number of events passing a well-defined selection. Each
SM process contributing to the background has been individually estimated via
Monte Carlo or data driven techniques. Results are finally interpreted in terms
of discovery limits, both model dependent and independent.

In conclusion, in the appendix, I present my contribution to a Detector
R&D project, where a novel design of gaseous detector is proposed for even
higher rate particle environments. In appendix D, I describe my contribution
to the development of the Atlas New Small Wheels Databases, in particular
concerning the Italian QAQC database and its own web interface. This activ-
ity aims to provide a reliable system to store the data concerning the detectors
and the raw material, during the mass production.
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Chapter 1
The Standard Model of
elementary particles

In 2012 ATLAS and CMS, two of the main experiments at the Large Hadron
Collider (LHC), jointly claimed the discovery of a particle compatible with the
last missing piece of the Standard Model (SM) [1, 2], the Higgs boson. This
represented an epochal milestone for mankind, eventually leading to the Nobel
Prize award, and a turning point for particle physics. If, in the last years,
we were guided in the discoveries by strongly supported theories, now we are
facing a new era, where experiments need to provide some new evidences and
break our current understanding of Nature. We can say that the discovery
of the Higgs boson answered the only one big question we had concerning its
existence, but at the same time left the floor to many others, deeper and more
fascinating ones. In this first chapter a short description of the Standard Model
is given, then later focusing on its limits and unexplained observations. One
of these is the existence of Dark Matter, whose search is part of this thesis.

1.1 The Standard Model

The Standard model mathematically describes three of the four forces observed
in Nature, gravity is not included, all the elementary particles involved and
their interactions. Technically it is a renormalizable quantum field theory,
where particles are represented by local quantum fields, while interactions are
generated by imposing local gauge symmetry invariances. The SM gauge group
is SU(3)c×SU(2)I×U(1)Y , where SU(3)c describes the QCD interactions, and
SU(2)I×U(1)Y describes the unified electroweak interactions.

A summary of the elementary particles is reported in Fig. 1.1 together with
some of the most relevant properties. Particles having spin equal to 1/2 are
called fermions and are, at their turn, divided into two categories based on their
interactions, quarks and leptons. Both quarks and leptons are subdivided into
three generations. Leptons have electric charge equal to -1 and +1 (electrons,
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1. The Standard Model of elementary particles

Figure 1.1: SM elementary particles

muons, taus and their antiparticles respectively) and 0 (neutrinos and their
antiparticles), and they are only involved in electroweak interactions. Quarks,
on the other hand, have electric charge equal to 2/3 and -1/3 respectively
and they are coloured (the colour being the quantum number of the strong
interaction).
Bosons, excluded the Higgs boson, have spin equal to 1 and are the force
mediators: an interaction between two particles occurs when a vector boson is
exchanged. The W± and Z0 bosons are the mediators of the weak interaction,
the photon (γ) of the electromagnetic and the gluon (g) of the strong one.
The Higgs boson is an exception in this picture, since it has spin equal to
0. Its existence is of crucial importance to explain the massive nature of the
electroweak bosons, and to give a mass to all the other massive particles as
well.

1.2 Electroweak theory

Weak and electromagnetic interactions have been unified under a common elec-
troweak theory. The physicists behind this extraordinary milestone, Sheldon
Glashow, Abdus Salam, and Steven Weinberg, have been awarded the Nobel
prize in 1979 [3]. As already mentioned the electroweak theory is based on
SU(2)I×U(1)Y , defining the gauge group, where I is the weak isospin and Y
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1.3. Strong theory (QCD)

the ipercharge. Isospin and ipercharge satisfy the Gell-Mann-Nishima relation

Q = I3 +
1

2
Y

where Q is the particle charge and I3 is the third component of the isospin.
Imposing the local symmetry leads to the introduction of three massless, spin 1
gauge bosons Wi and an additional spin 1 gauge boson B. To provide mass
terms to the gauge bosons, the electroweak symmetry is broken by the Higgs
mechanism [4], leading the to mass eigenstates:

W± =
1√
2

(W 1 ∓W 2)

and (
Aµ
Zµ

)
=

(
cos θW sin θW
− sin θW cos θW

)(
Bµ

W 3
µ

)
where θW is the weak mixing angle. The masses of the two bosons can be thus
derived:

mW =
1

2
vg and mZ =

v

2

√
g′2 + g2, (1.1)

where g and g′ are the SU(2) and U(1) gauge coupling respectively and v is
the vacuum expectation value of the Higgs field. The relation between boson
masses and mixing angle can be also obtained:

mW

mZ

= cos θW (1.2)

1.3 Strong theory (QCD)

Interactions among quarks are based on the invariance of the Lagrangian under
a SU(3) rotation in the colour space. Imposing the invariance leads to 8 gauge
fields, corresponding to 8 gluon types. Also in this case a broken symmetry
is introduced in order to explain the different quark masses. Two very im-
portant differences arise with respect to the electroweak case. The first one is
the behaviour of the coupling constant αS as a function of the transferred mo-
mentum. At high energy it goes to zero asymptotically and it can, therefore,
be treated with perturbative mathematical approaches. On the other hand, at
large distances and small momentum transferred the coupling increases requir-
ing different and more complex techniques as the lattice QCD [5]. The first
difference, consequence of the way the constant evolves, is the colour confine-
ment, according to which quarks and gluons cannot be isolated and observed
singularly. This property comes from the nature of the strong force and of its
massless mediator.
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1. The Standard Model of elementary particles

1.4 Limits of the SM

Despite having been tested to an extremely high precision, the SM is far from
being a complete theory. To reassure new generations of physicists, Nature
has jealously kept still an enormous amount of secrets. In the following, the
most relevant ones are described, focusing in particular on the Dark Matter
open problem.

• SM is a model with many free parameters. The SM does not
descend from first principles. It has been built on the basis of experi-
mental observations. It contains 19 free parameters, which need to be
fixed by experimental measurements. Neutrinos are moreover massless
in the model, while the experimental observation of neutrino oscillation
tell us that neutrinos do have mass.

• Gravity. Gravity is still excluded from the model. A GUT (Great
Unification Theory) including all the forces would definitely revolutionize
our present understanding. At the moment the huge distance in order of
magnitude between the gravitational and the other forces is still an open
problem.

• Three generations of particles. We observe three generations of lep-
tons and quarks with increasing masses. Why are those only three? Does
this number come from something deeper?

• Dark Matter/Energy. The questions when our eyes are turned to the
sky increase. The SM does not include any candidate for Dark Matter
and no explanations for the Dark Energy.

• Naturalness. This is one of the main reasons motivating new particle
physics search. A detailed dissertation can be found in Ref. [6]. The prob-
lem comes from the nature of the Higgs boson to couple to all fermions
f giving them mass terms. Higgs mass at its turn receives quantum
corrections as following:

m2
h ≈ m2

h0 +
λ2
f

8π2
N f
c Λ2, (1.3)

where mh ≈ 125 GeV, mh0 is the Higgs bare mass, while the remaining
terms contribute to the mh1−loop correction to the Higgs mass. λf and
N f
c are the Yukawa coupling and the number of colours of the fermion

f respectively. Λ is the cut-off limit of the theory, in other words, the
largest energy at which the standard model is considered as valid. If
the naturalness is naively defined as the ratio between mh1−loop and mh

it turns out that, for large value of Λ a fine tuning of many orders of
magnitude is required of the bare mass and 1-loop correction to yield
the observed Higgs mass. We are talking about 1 part over 1030. This
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1.5. Dark Matter

problem exists only if the SM is considered valid up to a cut off scale
which is well above the TeV scale. Proposed solutions to this problem
are outside the scope of the thesis, but Supersymmetry (SUSY) deserves
to be mentioned. Weak-scale supersymmetry introduces a new gauge
symmetry which has been investigated in great details both theoretically
and experimentally [7, 8, 9]. To every fermion a boson partner (or s-
partner) is introduced and viceversa, every boson has fermionic partners.
Under some assumptions, the mh1−loop contributions would completely
vanish or, as in the case of broken supersymmetry, reduce to a logarithmic
dependence to the cut-off scale, without any need for a fine tuning of the
theory.

1.5 Dark Matter

One of the most astonishing aspects of our current understanding, or, better
to say, not understanding, of Nature is that we are just looking at about 4%
of the mass of the Universe. All the rest, 73% and 23%, are thought to be due
to Dark Energy and Dark Matter respectively. The Dark adjective attests our
ignorance concerning the real nature of this mass and energy. Dark Energy
is the most accredited explanation for the increasing speed expansion of the
Universe and it fits perfectly in the ΛCMD cosmological model, describing
the evolution of the Universe, since the very beginning to our age. Detailed
reviews on the topic can be find at Ref. [10, 11].
In the following some experimental and cosmological evidences in favour of
the existence of the Dark Matter are reported, together with the most sup-
ported candidates and searches performed both at colliders and in dedicated
experiments. For a detailed review refer to Ref. [12].

1.5.1 Experimental evidences

The first and oldest evidence, dated back in the early 1930, concerns the ob-
servation of the rotational velocity of galaxies, which could not be explained
by only the barionic visible mass. Observations performed by J. H. Oort and
F. Zwicky [13] agreed that the observed mass could not be more than a few
percent the overall amount present in the Universe. 40 years later, Vera Rubin
and collaborators extensively studied more than 60 galaxies, measuring the
rotational velocity from the analysis of the spectral lines (Doppler effect). In
absence of invisible mass, the velocity of stars in the galaxy should be described
as the velocity of our planet around the Sun, thus:

v(r) =

√
Gm(r)

r
(1.4)

where v(r) is the velocity, G is the gravitational constant and m is the mass
within a radius r. The dependence from the radius goes as 1/

√
r, decreasing as
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1. The Standard Model of elementary particles

Figure 1.2: Expected rotational velocity in case of classical gravitational be-
haviour and measured one (red dot)

the distance from the center increases. Surprisingly the data observed showed
a flat behaviour, meaning that the velocity does not decrease with increasing
distances. The expected and observed behaviour are shown in Fig. 1.2. The
agreement is restored if an invisible massive halo fills all the space and it is not
concentrated, as the ordinary mass, close to the central bulge of the galaxy [14].
The second evidence derives from the observation of the gravitational lensing
effect. This effect is due to the deformation of the spacetime in presence of
a mass affecting the motion of bodies and light. Gravitational lensing effect
allows, due to the bending of the light, to spot objects placed directly be-
hind a closer one (in this case an ”Einstein ring”is formed). Without entering
into details from the reconstructed image of the hidden object it is possible
to determine the amount of mass generating the gravitational effect. As an
example, observation performed on Abell 370 cluster by Bergmann, Petrosian
and Lynds led to an estimation of the total mass of the cluster to be about
102 − 103 the observed one [15].

More recently, another important contribution is provided by cosmological
observations. Among them the CMB anisotropy measurements performed by
COBE, WMAP and by Planck [16, 17], seems to point to a large abundance
of dark matter in the Universe. The extremely small anisotropies (30 ± 5
µK) found cannot be the only responsible for the seeds of the early Universe
structure; given these fluctuations, due to the initial density perturbations of

6



1.5. Dark Matter

Figure 1.3: Planck 2015 power spectra. Comparison between data and expec-
tations obtained from the total and baryonic densities is shown

the photon-barionic fluid, Universe would not have time to form. This implies
the need for an electrically neutral form of matter that could start the structure
formation process well before the recombination. Planck also provides the best
estimation of the total and baryonic densities entering in the fit of the ΛCDM
model [18]:

Ωmh
2 = 0.14170± 0.00097 and Ωbh

2 = 0.02230± 0.00014. (1.5)

This very precise parameter estimation is dominated by the fit of the model
to the CMB power spectrum shown in Fig. 1.3. Small variations in the bary-
onic and total densities would induce relevant changes in the anisotropy power
spectrum, which are wholly inconsistent with the experimental data collected
by Planck.

The last, in order of time, evidence, comes from the collision of a subcluster,
called bullet, with a bigger galaxy cluster. During the collision hot gases
compressed and heated up, leading to a strong X-ray emission, observed clearly
by Chandra X-Ray Observatory [19]. Gases account for the vast majority of
the baryonic mass. The strange thing is that the location of this emission
and the position of the centre of mass obtained by means of the gravitational
lensing effect show a relevant discrepancy. The region of X-Ray emission is not
the same where the majority of the mass is concentrated [20, 21].

1.5.2 Dark Matter Candidates

Several Dark Matter candidates have been so far hypothesized and investigated
within and outside the domain of the SM. The main properties of a perfect
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1. The Standard Model of elementary particles

candidate are the stability, or at least a long lifetime of the same order of mag-
nitude of the cosmological time scale, it should gravitationally interact with
ordinary matter and it should satisfy the measured relic density.
Still inside the SM, neutrinos could match the previous requirements. There
are, however, at least two main reasons discouraging this choice: the first one
is that neutrinos are relativistic particles, and a neutrinos-dominated universe
would have prevented structure formation as we see today, favouring, on the
other hand, larger structures formation first. The second aspect is that their
measured abundance is not enough to account for the missing mass. WMAP
constrained the neutrinos mass to be smaller than 0.23 eV, leading to a density
of Ωνh

2 < 0.0072 [22]. Another widely supported possibility is represented by
axions. These hypothetical particles have been postulated in 1977 to resolve
the problem of CP violation in QCD (which is theoretically allowed, but never
observed) and match all the dark matter candidate properties.
The search for sterile neutrinos are another very active field in physics. Those
particles interact only gravitationally and bring right handed chirality. The in-
troduction of right handed neutrinos is rather natural, as all known particles,
except SM left-handed neutrinos, have been observed with both chiralities.
Sterile neutrinos would also explain the SM neutrino masses in a natural way.
Finally, Dark Matter could also be made of WIMPs (Weakly Interacting Mas-
sive Particles). In the case of SUSY inspired models, the most popular WIMP
candidate is the lightest supersimmetric sparticle which, if R-parity is con-
served, cannot decay into ordinary matter. In this case the dark matter can-
didate is expected to interact weakly with ordinary matter and this is the
property exploited in the WIMP hunting.

1.5.3 Search for WIMP Dark Matter

Many experiments have been designed, and will be in the future, as well, to
detect WIMP Dark Matter using different and complementary methods. The
most relevant are the direct and indirect searches, described in the following
sections. A pictorial representation of the different approaches is reported in
Fig. 1.4.

Direct detection

Direct detection experiments rely on the detection of the nuclei recoil due to
the interaction of dark matter particles with detector material. Naively one
would expect an upper limit on the energy deposed by a WIMP in about
few keV, several order of magnitude below the contribution arising from the
natural radioactivity. This makes the detection complex and requires a clean
(and cold) environment. To be more precise the energy recoil is a function of
the reduced mass µ = mM/(m+M) and the velocity v as following:

E =
µ2v2

M
(1− cos θ),

8



1.5. Dark Matter

Figure 1.4: Schema of the different Dark Matter search approaches. Direct
searches focus on detecting nuclei recoil of DM scattering against SM parti-
cles, indirect searches aim to find evidence of DM annihilation, while colliders
investigate DM production from SM particles collisions
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1. The Standard Model of elementary particles

where θ is the scattering angle. Despite of the intrinsic experimental diffi-
culties, WIMP events are expected to show some peculiarities making them
recognizable over the background. In particular WIMP interactions are single-
site events, while background events, such cosmic rays, can lead to multiple
interactions. The second relevant aspect is that, if the dark matter halo is at
rest with respect to the galaxy, the WIMP detection rate should vary at differ-
ent time of the year due to the Earth movement in the direction of, or against,
the dark matter halo. This modulation of the detection rate has been estimated
to be of the order of 7%. Scattering processes are classified depending on the
spin dependency, whether spin dependent (SD) or independent (SI). In the
first case interactions result from the coupling with the WIMP spin and they
are proportional to J(J+1) rather than the number of nucleons (pseudo-scalar
or axial-vector). In the second case there isn’t such dependence and the cross
section increases for larger nuclei. In Fig 1.5 limits on the WIMP cross section
as a function of the mass in the spin-independent case are reported compar-
ing the results provided by many different experiments. The most stringent
limits are set by CDMS [23] and EDELWEISS [24] Collaborations both us-
ing silicon detectors, and LUX [25], a 370 kg double phase Xenon detector
located in the US. DAMA Collaboration has claimed an annual modulation of
the detected rate at 9.3 σ [26]. This positive observation has been interpreted
in terms of dark matter model under two different solutions, a WIMP having
mass mχ ≈ 50 GeV and σχp ≈ 7 · 10−6 pb or lower mass (range between 6
and 10 GeV) and σχp ≈ 10−3. The positive result from DAMA is indeed very
controversial.

Indirect detection

Indirect detection experiments rely on the WIMP-WIMP annihilation. It is
called indirect, since Dark Matter is not detected itself, while looking for an-
nihilation products such as neutrinos, gamma rays and antimatter or muons.
WIMP particles can be trapped by the Sun or the Earth, leading to an increase
of their local densities and thus enhancing the probability of annihilation. Indi-
rect search observations, in particular in the case of spin-dependent couplings,
are competitive with direct search limits. Combined limits for the χχ → bb̄
process are reported in Fig. 1.6. The regions above the curves are excluded.
A more detailed review can be found in Ref. [27].

1.5.4 Search for Dark Matter at colliders

Up to now the discussion has been mostly focused on cosmology and large scale
processes both to prove and try to detect Dark Matter. But can LHC and in
general colliders provide useful information in this search? The real answer is
that no one knows [28]. The possible role of colliders depends on the mass and
the interactions of the DM. If a WIMP is considered, where DM is weakly cou-
pled to the SM, it is not straightforward that the energy in the centre of mass
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Figure 1.5: Exclusion cross-section limits as a function of the Dark Matter
mass in the spin-indipendent case, for various experiments

Figure 1.6: Exclusion limits for indirect search experiments as a function of
the Dark Matter mass

11
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Figure 1.7: Schema of the different possible approaches to the Dark Matter
search and their complexities

in the collision is enough to make them kinetically allowed. On the other hand,
however, it turns out that the most accredited model describing the observed
relic density in the context of an early Universe, and called thermal freeze out,
points to a dark matter particle with mass and interaction strength within the
LHC limits. Another key element to be recalled is that many extensions of
the SM, motivated by other reasons, do foresee stable neutral massive parti-
cles which could easily assume the properties of Dark Matter. In these models,
such as SUSY, however, many other particles and states are accessible together
with the Dark Matter candidate, thus making more complex to extract limits
directly comparable with direct and indirect searches.
The choice of the modelling approach is mostly driven by the need of mini-
mality, reducing as much as possible the requirements on the new particles,
and the plausibility, where, on the other hand, priority is given to models not
clearly violating well established principles of particle physics. The two main
approaches are grouped under the names of Effective theories and Simplified
Models. In fact, as shown in Fig. 1.7, many different DM models can be built,
all having a suitable candidate to solve the Dark Matter puzzle.

Effective theories The earliest and easiest approach is to assume that the
only state, beyond the SM, accessible at LHC is the DM particle. In this case
the interaction is translated into an effective field theory, a contact interaction,
described by only two parameters, the suppression scale Λ and the Dark Matter
mass. The advantage of this approach is that the kinematic distributions do
not depend on the suppression scale, making very easy to present the results
as lower bounds. Moreover, EFT approach is model independent, since there
is no need to unveil the whole underlying model.
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A typical interaction is described by operators, as an example, of this form:

O =
1

Λ2
(q̄λµλ5q)(χ̄λµλ

5χ), (1.6)

where χ is a spin 1/2 DM particle. On the other hand, EFT approach has
strong limitations. In particular EFT validity is strongly constrained by the
momentum transferred: for large values, which is the case at LHC, in particular
in future runs, EFT makes unphysical predictions. This can be easily observed
by obtaining the previous operator as limit case of a more general theory
including a heavy spin-1 particle V µ coupling to quarks and DM. It can be
shown that if the mediator is exchanged in a s-channel of a 2-2 process, the
matrix element will contain a propagator of the form

M ∝ gqgDM
m2
V − s

,

which leads to the initial operator only in the case mV � s. In this case the
suppression scale assumes the form

1/Λ2 =
gqgDM
m2
V

If mediator mass is comparable or smaller than momentum transferred, contact
interaction does not provide a good description of the kinematics. Another
relevant requirement to guarantee the validity of EFT is to remain in the
perturbative regime leading to the following relation:

mDM ≤
√
π

2

mmed

gDM
(1.7)

Simplified models Simplified models extend the range of validity of the
EFT approach by introducing a second particle, a mediator, coupling both to
the SM and DM sectors. Obviously this means to see the number of free param-
eters increase. In favour of this approach there is the possibility of describing
both hard and soft spectra, overtaking the limitations of EFT approach, by
considering both light and heavy mediators. Too heavy mediators make very
difficult to obtained the relic density, which was the very first constraint for a
Dark Matter search at LHC. Beside of this, Simplified Models should contain
a stable, or with a lifetime long enough, particle and a mediator coupling to
the two sectors. All the other particles belonging to the dark sector should be
energetically inaccessible. The DM simplified models should in general only
contain renormalizable terms, consistent with Lorentz invariance and gauge
symmetries and they should not violate the global and accidental symmetries
in the SM, such as the baryonic and leptonic numbers. In particular Min-
imal Flavour Violation (MFV) [29] is imposed to curb CP-violating effects.
MFV simplified models describing spin-0 exchange, implies couplings to the
SM fermions of Yukawa type. A more detailed discussion on the theoretical
aspects of Simplified models can be found in [30] or in the LHC Dark Matter
Forum recommendations [31].
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Chapter 2
The Large Hadron Collider and
the ATLAS experiment

In this chapter an introduction to the Large Hadron Collider (LHC) and to the
ATLAS experiment is given, in particular providing an overview of the sub-
detectors, with particularly emphasis on the muon spectrometer. In addition
the ATLAS trigger and data acquisition logic is described, including a summary
of the data collected by ATLAS so far. In conclusion the plan for future
upgrades is presented.

2.1 The Large Hadron Collider

The LHC is the largest collider in the world [32], located at the Conseil Eu-
ropeen pour la Recherche Nucleaire (CERN). It is housed in the same 26.7 km
long tunnel already used by the LEP machine since 1989 [33]. It is designed
to collide protons and ions, representing a unique facility for the study of the
physics phenomena at high energy scale. The design collisional energy in the
center of mass is

√
s = 14 TeV, to be compared with the previous record set

by the Tevatron collider (FERMILAB, USA) of 2 TeV [34]. Delivering protons
to the required energies (corresponding to 99.9999991% the speed of light) it
is not an easy task; a complex system of accelerators is used to increase the
protons energy at different stages (Fig. 2.1). The protons are obtained from
stripping electrons to hydrogen gas with an appropriate electric field. Protons
are then transferred to the Linac21, a linear accelerator designed to bring pro-
tons to 50 MeV. The second stage of acceleration, where protons get to the
energy of 1.4 GeV, is the Proton Synchrotron Booster (PSB), followed by the
Proton Synchrotron (PS), were the beam is accelerated up to 25 GeV. The
PS also receives ions from the Low Energy Ion Ring (LEIR) to be accelerated.
Particles are then sent to the Super Proton Synchrotron (SPS) where they

1Linac2 will be replaced with a new Linac4 in 2020. Linac3 is devoted, instead, to the
ions acceleration
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Figure 2.1: The CERN accelerator complex.

finally become suitable for the injection in LHC, at the energy of 450 GeV.
Along the ring there are four places where the two proton beams, travelling in
separate vacuum pipes, are made collide. At these interaction points detectors
have been built: Alice [35], CMS [36], LHCb [37] and ATLAS [38].

2.1.1 LHC performance

The main LHC goal is to study the fundamental laws of Nature by colliding
protons. The number of those collisions per second is determined by the lumi-
nosity of the beam L and the cross section of the event process under study
according to:

Nevent = Lσevent. (2.1)

The luminosity, at its turn, is a function of the beam parameters, and, for a
Gaussian beam is given by

L =
N2
b nbfrevγr
4πεnβ∗

F (2.2)

where nb is the number of bunches in which the protons are grouped per
beam, Nb is the number of protons per bunch, frev is the revolution frequency
and γr is the relativistic factor. εn, the normalized emittance, is defined as
εn = βrγrε, where ε is called beam emittance and gives a measure of the
average spread of the beam in the position-momentum space. β∗ is the value
of the beta function at the interaction point. The beta function is related to
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the transverse dimension of the particle beam, along the beam trajectory. If
a Gaussian beam is assumed, the beta function is related to the width of the
beam (σ(s)) by σ(s) =

√
ε · β(s). F is the geometrical luminosity reduction

factor, due to the angle of the crossing beams. It can be expressed in terms
of the angle and the size of the beams. An indicator of the amount of data,
or collisions, having taken place is the so-called integrated luminosity (Lint)
defined as Lint =

∫
Ldt. In Tab. 2.1 the most relevant LHC design parameters

are reported. At time of writing the energy in the centre of mass is 13 TeV. On
the other hand LHC already reached and improved its design peak luminosity,
having reached 2 · 1034 cm−2s−1 already in 2017.

Table 2.1: LHC nominal parameters

Dipole operating temperature 1.9 K
Number of dipoles 1232

Number of quadrupoles 858
Nominal energy, protons 7 TeV
Momentum at injection 450 GeV/c

Peak magnetic dipole field 8.33 T
Current in main dipole 11800 A

Bunch spacing 25 ns
Design Luminosity 1 · 1034 cm−2s−1

No. of bunches per proton beam 2808
No. of protons per bunch (at start) 1.15 · 1011

Circulating current / beam 0.54 A
Number of turns per second 11245

Stored beam energy 360 MJ
Beam lifetime 10 h

Average crossing rate 31.6 MHz
Number of collisions per second 600 millions

Radiated Power per beam (syncrotron radiation) 6 KW
Total crossing angle (collision point) 300 µrad

Emittance εn 3.75 mm µrad
Beta function β∗ 0.55 m

2.2 The ATLAS experiment

The ATLAS experiment is among the biggest scientific international collabora-
tions ever made. It counts over than 170 institutes involved, spread all over the
world. It is a general purpose experiment, designed to cover the widest spec-
trum of physics searches possible. The dimensions are impressive: its shape
is nearly cylindrical, 44 meters long with a radius of about 12 meters. It is
located 80 meters underground in an experimental hall located in one of the
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Figure 2.2: The ATLAS experiment.

LHC intersection points near the Swiss-French border. Its weight is of about
7000 tons. Figure 2.2 shows a cut-away of the detector, unveiling it inter-
nal onion-like structure; three are the main sub-detectors, the inner detector,
the calorimeters, and the muon spectrometer. Each sub-detector is designed
to measure different properties of the particles: to measure with high preci-
sion the trajectory of charged particles in the inner detector, the energy of
electrons and hadrons in the calorimeters and the trajectory of muons in the
outermost spectrometer. The detectors are symmetrically mounted with re-
spect to the interaction point (IP) and in such a way to cover the highest solid
angle as possible2. In addition the inner detector and the muon spectrometer
are immersed in magnetic fields, to allow the measurement of the particles
momentum given their deflections in two different fields. In the next sections
few details concerning each sub-detector is given.

2.2.1 The Magnets

The ATLAS system of magnets [39] is composed of two types of magnets, the
solenoid, surrounding the inner detector, and the toroids, located all around
the barrel and at the end-caps, outside the calorimeters. The solenoid magnet
is 5 meters long with a bore of 2.4 meters and it is build up of a single layer
coil. It provides a magnetic field of 2 T. In order to generate such field the
coil is cooled down to 4.5 K, by using liquid helium. The three toroids consist

2ATLAS uses a dedicated right handed coordinate system centred at the IP. the z axis
is the along the beam pipe, the x axis points to the center of the ring, while the y axis
looks upwards. In the transverse plane cylindrical coordinate are used (r, φ), while the
pseudorapidity is defined as η = −ln(tan(θ/2))
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(a)
(b)

Figure 2.3: Schema of the magnetic field geometry (a) and picture of the
innermost barrel solenoid (b)

of 8 coils each radially assembled with respect to the beam. The coils of the
end-cap toroids are rotated by an angle of 22.5 degrees with respect to the
barrel ones to provide radial overlap and optimize the bending power. The
two end-cap toroids are inserted in the barrel toroid at the end. They are
5 meters long, with an outer diameter of 10.7 m and an inner bone of 1.65
meters. The magnetic field has a peak value of 3.9 T close to the coils and 0.5
at the center for what concerns the barrel toroid, while it reaches up to 4.1 T
in the coils for what concerns the end-cap toroids. In both the cases the coils
are cooled down by means of liquid helium. A precise knowledge of the field
is of extreme importance for the correct evaluation of the particle momentum.
More insight can be found in Ref [40].

2.2.2 The inner detector

The layout of the inner detector is shown in Fig. 2.4 [41]. The inner detec-
tor is contained in a cylinder 6 meters long with a radius of about 1 meter.
As already mentioned in the previous section, a magnetic field of about 2 T
is supplied to enhance the bending of charged particles. It covers the region
in the pseudorapidity range | η |< 2.5. The required tracking resolution is
σpT /pT = 0.05%pT

⊕
1%. It is composed of three independent, but comple-

mentary detector systems. The closest to the beam, and also where the highest
granularity is reached, is the Pixel Detector. It consists of 4 barrel layers (they
were originally three before the insertion of the IBL pixel detector in 2014 [42])
and three end-cap disk layers. The intrinsic resolutions in the barrel are 10
µm (R-φ) and 115 µm (z), In the end-caps detectors are mounted to provide
a resolution of 10 µm (z) and 115 µm (R-φ).
Pixels are surrounded by the Semiconductor Tracker (SCT). It consists of sili-
con strips arranged in four layers in the barrel and nine wheels in the end-caps.
In order to reconstruct both coordinates, a 40 mrad angle rotation is adopted
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Figure 2.4: The ATLAS inner detector layout.

between different layers of strips. The overall performance of the central sta-
tion is of 17 µm (R-φ) and 580 µm (z) in the barrel. The outermost station is
the Transition Radiation Tracker (TRT). It consists of three cylindrical layers
in the barrel and 8 wheels in the end-caps of drift tubes. Each straw is 4 mm
in diameter with a central gold plated tungsten wire of about 30 µm. This sub-
detector allows to discriminate between the energy lost by particle ionization
and transition radiation losses, contributing to particle identification.

2.2.3 Calorimeters

The inner detector is surrounded by calorimeters. A cut-away of the ATLAS
calorimeter system is shown in Fig. 2.5. The innermost is the electromagnetic
calorimeter [43], designed to reach an energy resolution of 10%/

√
E(GeV )

⊕
1%.

It consists of a sampling structure of lead as absorber and LAr as active ma-
terial, with the absorber showing an accordion shape. The barrel electromag-
netic (EM) calorimeter extends up to η = 1.474, for a total thickness of 22
X0. Higher η are covered by the EM end-cap calorimeter, up to η = 3.2. Also
in this case an accordion shape absorber and active material is used, assem-
bled in two wheels in each end-cap cryostat. The hadronic Tile calorimeter
[44] sorrounds the EM calorimeters in the barrel region, up to η = 1.7. It
is designed to provide precise measurement of jets, taus, hadrons with a res-
olution of 50%/

√
E(GeV )

⊕
3%. It consists of a sampling structure, where

iron is used as the absorber and scintillating fibres as the active medium. In
the forward region, due to the higher particle flux expected, tiles are replaced
by LAr and copper is used as absorber. The hadronic end-cap calorimeter
matches the pseudorapidity coverage of the electromagnetic ones, sharing the
same cryostat. Finally, in the very forward region, covering up to η = 4.9
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Figure 2.5: The ATLAS calorimeters layout.

the LAr forward calorimeter (FCal) is located. It is designed to provide both
electromagnetic and hadronic energy measurements and it uses copper and
tungsten absorbers and LAr as active material.

2.2.4 The Muon spectrometer

The muon spectrometer [45] constitutes the outer part of the ATLAS detector
and is designed to detect charged particles exiting the barrel and the end cap
calorimeters in the pseudorapidity range | η |< 2.7. It is designed to measure
the muon transverse momentum with a resolution of σpT/pT = 10% at pT = 1
TeV. In these regions, as already described in the previous section, a toroidal
magnetic field is provided, both in the barrel and end-caps. The momentum of
a particle can be obtained by measuring the curvature of the particle bending
in the magnetic field. High momentum implies low curvature. To measure
the transverse momentum the method of the sagitta, which is defined as the
maximum deviation of a circle from a straight line, is used. For a 1 TeV muon,
given the configuration of the magnetic field, the expected sagitta is around 0.5
mm. This leads to an overall uncertainty on the measurement of the sagitta of
50 µm. The design of the muon spectrometer is shown in figure 2.6. The muon
detectors in the barrel are organized in three concentric stations equipped with
Monitor Drift Tube chambers (MDT) at a radius of about 5, 8, 10 meters from
the beamline. MDT chambers consist of six (middle and outer stations) to
eight (inner station) layers of drift tubes. An average resolution of 80 µm per
tube and 35 µm per chamber is achieved. The middle and the outer stations
are equipped also with Resistive Plate Chamber (RPC) detectors to provide
the trigger signal. RPCs are located on both sides of the middle MDT station,
and directly inside the outer MDT station. A schematic view of the cross
section of the barrel muon system is shown in figure 2.7.

In the forward direction three independent wheels are mounted perpen-
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Figure 2.6: The ATLAS muon spectrometer layout.

Figure 2.7: Schematic view of a cross section of the barrel region.
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Figure 2.8: Longitudinal view of the muon spectrometer showing the three
concentric stations at different distance ( 5, 8, 10 meters) from the interaction
point. The innermost wheel, the so called Small Wheel, is outlined

dicular to the beam axis at a distance of 7.5, 14 and 22.5 meters. The two
outermost wheels are equipped with MDTs for the reconstruction. The cen-
tral wheel, called Big Wheel, is also equipped with two Thin Gap Chambers
(TGCs) doublets and one triplet to provide the trigger signal. A schematic
view of a cross section of the muon spectrometer in a plane along the beam
axis is shown in figure 2.8. The innermost wheel, the so called Small Wheel,
is equipped with Cathode Strip Chambers (CSCs) in the part closest to the
beam, and MDTs in all the rest for the measurement of the most accurate
coordinate (η coordinate) and TGCs for the second one. In table 2.2 the main
characteristics of the four subsystems forming the muon spectrometer are re-
ported. Each subsystem is described in more details in the following section.

Table 2.2: Table reporting the characteristics of the four different technologies
used in the ATLAS muon spectrometer. Due to space constraints acronyms
have been used. The technologies are: Monitored Drift Tube (MDT), Cathode
Strip Chamber (CSC), Resistive Plate Chamber (RPC), Thin Gap Chamber
(TGC).

Type Function Coverage Res (z) time Res

MDT tracking | η |< 2.7 35 µm (R/z)
CSC tracking 2.0 <| η |< 2.7 40 µm (R), 5 mm φ 7 ns
RPC trigger | η |< 1.05 10 mm (R/φ) 1.5 ns
TGC trigger 1.05 <| η |< 2.7 2-6 mm (R) 3-7 mm φ 4 ns
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Monitored Drift Tubes

Precision tracking in the muon spectrometer is mainly performed by Monitored
Drift Tubes (MDTs). They consist of 3 mm cylindrical drift aluminium tubes,
with a 30 µm tungsten-rhenium wire placed in the center with a precision
better than 10 µm. Tubes are filled by Ar/CO2(93:7) gas mixture and are
operated at 3 bar overpressure. Electrons resulting from gas ionizations drift
towards the wire where they also amplify. The voltage applied is about 3.1
kV, resulting in an amplification of 2 · 104. A single chamber is composed of
six to eight layers of tubes, each with a spatial resolution of 80 µm. The length
of the tubes goes from 0.9 m to 6.2 m. MDTs are used both in the barrel and
end-caps muon stations, except for the closest one to the IP, the Small Wheel,
for 2.2 <| η |< 2.7 where they are replaced by Cathode Strip Chambers due to
the very high rate. More then 70000 tubes have been produced to equip the
detector.

Cathode Strip Chambers

Cathode Strip Chambers (CSCs) are the tracking detector in the innermost
part of the end-cap muon station (Small Wheel) closest to the interaction
point. They are adopted where the particle rate exceeds the MDTs limit
(150 Hz/cm2). They consist of multi-wire proportional chambers, with both
cathodes segmented, one with strips parallel to the wire, and the other perpen-
dicular. The gas gap is of 5.08 mm, as the cathode readout-out pitch, while
the anode wire pitch is of 2.54 mm. The overall CSC resolution per layer is of
about 50 µm on the precise coordinate and few millimetres on the second one.
The gas mixture used is Ar/CO2/CF4 (30:50:20). The maximum drift time is
of 30 ns.

Resistive Plate Chambers

The Resistive Plate Chambers (RPCs) are the detectors designed to provide the
trigger signal in the barrel region. Each of the three concentric muon stations
in the barrel are equipped with two independent planes of RPCs, measuring η
and φ of the tracks. Redundancy is obtained to reject fake hits and improve
the trigger efficiency. RPCs are parallel planes detectors: the gas gap is of
2 mm, defined by cylindrical spacers placed every 10 cm and the electrodes
are made of a mixture of phenolic resins (bakelite) which has a resistivity
of 2 · 1010 Ωcm. A graphite coating is applied with a surface resistivity of
≈ 100 kΩ, allowing uniform distribution of the high voltage. Between plates
an high electric field is applied (4.9 kV/mm) allowing avalanches formation
towards the anode. Bakelite surfaces are, moreover, covered by linseed oil, to
guarantee the required smoothness. Signal is induced on copper strips mounted
on the outer faces of the resistive plate and read-out via capacitive coupling.
Typical width of the readout strips is of about 30 mm. The gas mixture used
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is C2H2F4/C4H10/SF6 (94.7:5:0.3). Spatial resolution is limited by the strip
width.

Thin Gap Chambers

The trigger in the forward region is provided by the Thin Gap Chambers
(TGCs). They are mounted on the middle wheels (big wheels) in seven different
layers to provide redundancy and in the inner wheels. The TGC detector
technology is based on multi-wire proportional chambers characterized by an
anode wire to cathode plane gap distance of 1.4 mm and 1.8 mm wire-to-wire
spacing. Detectors are operated in quasi-saturated mode, leading to a typical
signal rising time of 5 ns. The gas used is a mixture of 45% n-Pentane and 55%
C02. The detector is operated at 3.0 kV for a gas gain of about 106. Between 4
and 20 wires are grouped together to fed a common readout channel. Behind
the cathode planes, on one side precision copper strips run perpendicularly to
the wires, with a pitch ranging from 15 to 49 mm.

2.2.5 The ATLAS Trigger and data acquisition system

The ATLAS Trigger system [46] is a crucial part of the ATLAS experiment,
being responsible for the selection of interesting events reducing the recording
rate from the LHC bunch crossing rate of about 40 MHz to 1 kHz. A schema
of the current ATLAS trigger system is provided in Fig. 2.9. Major changes
have been introduced between the first data taking period (Run 1, 2010-2012)
and the second one (Run 2) started in 2015. A detailed description of the
old trigger structure can be found in [47] for reference. It currently consists
of an hardware level first trigger (called Level 1, or L1) and a software one,
called HLT. The L1 trigger reduces the event rate to about 100 kHz, providing
a decision in less than 2.5 µs. It uses information from the muon system
(L1 Muon), partial data from calorimeters (L1 Calo) and from the topological
trigger module (L1Topo) which calculates basic physics quantities given the
information provided by the detectors. The decision is taken at the Central
Trigger Processor (CTP); if accepted, event data are transferred from the Read-
out Driver (ROD) to the Read-Out System (ROS) for the HLT selection. The
HLT selection is driven by the analysis of the Region-of Interest (RoI) identified
by the L1 trigger logic. At this stage all the detector information within the
RoI first, and then from the whole detector is used. This second step reduce
the rate up to 1 kHz. Events accepted for local saving are then transferred to
the event-building system, and finally to be written to a permanent storage.

2.2.6 The road to now

Despite of long future we have in front of us, LHC and ATLAS already have
quiet a long history behind. The first part of Run 1 data taking period, in 2009
and 2010, has been mainly devoted to the commissioning of the machine and
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Figure 2.9: The ATLAS Trigger system.

the exploiting of its potential. The first collision took place on March, 30th
2010 at 7 TeV in the centre of mass. Several months of commissioning and
test followed to allow increasing the beam intensity. At the end of the year 368
bunches with 1011 protons each were circulating in LHC for a peak luminosity
of 2.1 · 1032 cm−2s−1. In 2011 the number of bunches was increased to 1380,
reaching a bunch spacing of 50 ns, further increasing the beam intensity and
improving the machine parameters. By the end of the year a peak luminosity
of 3.7 · 1033 was reached, allowing ATLAS to accumulate 5 fb−1. The 2012
saw the increase of the centre of mass energy to 8 TeV. Integrated luminosity
was about 1 fb−1 per week. By the end of 2012 ATLAS accumulated about 20
fb−1 2.10. More than two years passed without beams circulating, completely
dedicated to the upgrade of the machines for pushing the limits reached in Run
1 and improve the performance. In 2015 the beam energy has been increased
up the current value of 6.5 TeV (centre of mass energy of 13 TeV) and, by
the end of the year, 2240 proton bunches per beam were circulating in the
accelerator for an integrated luminosity of 4 fb−1. In 2016, the energy did
not change, but the outstanding LHC performance allowed to set new limits
and integrate almost two times the expected luminosity. In October, when
beams stopped circulating, 40 fb−1 were recorded by ATLAS (Fig. 2.11a).
The reason is mainly the very high availability of the accelerator and injectors:
the accelerator was colliding protons almost 50% of the time. 2017 has been
a great year for LHC as well. The integrated luminosity exceeded the initial
previsions, despite of many serious problems to the machines. ATLAS recorded
about 50 fb−1, given that 40 were expected at the beginning. What is more
remarkable is the record on the peak luminosity reached: 2.06·1034 cm−2s−1.
This value is more than twice the design value of the LHC machine. At time
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Figure 2.10: LHC delivered and ATLAS recorded integrated luminosity in
Run 1 [48].
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Figure 2.11: Integrated luminosity years 2015-2017 (a). Integrated luminosity
in 2018 at time of writing (June 2018) (b).

of writing, June 2018, we are in the middle of 2018 data taking. The aim is to
collect even more data than in 2017, expecting about 60 fb−1 collected by the
experiment. A peak luminosity of 2.14·1034 cm−2s−1 has been already reached
for an integrated luminosity of about 20 fb−1 (Fig. 2.11b).

2.2.7 Plans for upgrade

The successful LHC operations up to now should not distract from what is still
in front of us. An extremely ambitious upgrade programme of the machines is
planned in 2022-2023, with some aspects anticipated in the long shutdown 2,
in 2019 [49]. The aim is to reach peak luminosity of 5 times the initial design
values, and an integrated luminosity of about 3000 fb−1 in a dozen years after
the upgrade. In other words, data taken up to now will be completely negli-
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gible. Upgrades will involve triplet magnets, possibly suffering from radiation
damage, cryogenics, collimators, and the replacement of two dipoles with new
ones shorter, but producing a stronger magnet field; this will allow to save
space for supplementary collimators. This ambitious upgrade programme does
affect also the detectors. Increasing the luminosity will imply an higher num-
ber of interactions per beam crossing (pileup). The expected value at High
Luminosity LHC (HL LHC) is of about 140 interactions per beam crossing,
to be compared to the 30/40 we have today [50]. This will imply that the
particle rate in the detector will increase and it will not be sustainable for
many of them. During the two long shutdown periods (LS2 and LS3) ATLAS
will undergo major upgrades, called Phase I [51] and Phase II respectively
[52]. The most important upgrade project during Phase I is the New Small
Wheels project, consisting of the replacement of the innermost muon station
in the end-caps, the Small Wheels, with a completely new detector technol-
ogy (Micromegas) and an improvement of the TGCs detectors, called Small
TGCs (sTGCs). More details about this project will be given in the next
chapter. Another important project is the Fast TracKer (FTK), based on
associative memories designed to improve the particle identification, to main-
tain low trigger rates and high efficiency for electrons and muons and provide
more flexibility for identifying new physics signatures. During the Phase II
the biggest upgrade consists in the replacement of all the Inner Detector with
a silicon brand new one, called Inner Tracker (ITk). ITk will have a large
impact on physics performance, extending the coverage of the inner detector,
reducing the forward jets pileup and improving the vertexing capabilities. In
the meantime the trigger logic will be revised and improved and the electronics
of many subdetectors will be replaced.
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Chapter 3
The New Small Wheels Project
(NSW)

In this chapter the main aspects of the New Small Wheels upgrade project
will be reported in particular focusing on the physics requirements of the new
detector technologies and benefits, followed by a brief description of the Mi-
cromegas technology. The main reference for the first part of the chapter is
the NSW Muon TDR [53].

3.1 Introduction

As already introduced in the previous chapter, where the ATLAS general up-
grade plan has been presented, one of the most relevant Phase I upgrade of
the experiment consists in the replacements of all the detectors currently in-
stalled in the innermost muon station in the forward regions, the so-called
Small Wheels. Fig. 3.1 shows a picture of a Small Wheel currently installed in
ATLAS where are clearly visible the two detector technologies employed: CSC
and MDT.

The upgrade is motivated by at least two main reasons. The first reason
concerns the need of improving the Level-1 muon trigger logic in order to
discard the fake muon triggers produced by particles not coming from the
Interaction Point (IP), without reducing the acceptance and trigger efficiency.
Such upgrade requires to include the information from the Small Wheels in the
trigger logic, thus requiring an improvement of the detector performance. The
second one is related to the expected degradation of the performance of the
detectors currently installed due to the higher particle rate foreseen in the next
years of LHC operations. The consequences of this effect have been studied in
particular concerning the MDT tracking chambers and will be discussed in the
next section. CSCs are, at their turn, affected by the increased particle rate
and an improvement of the performance is required to fulfil the high accuracy
ATLAS requirements for the coming years.
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3. The New Small Wheels Project (NSW)

Figure 3.1: Picture of a Small Wheel currently installed in ATLAS. MDT and
CSC detectors are installed at different η ranges

3.2 Trigger performance and requirements

During Run 1, the end-cap muon trigger was provided by the TGC chambers
installed in the second forward muon station (middle wheel), resulting in a
large contribution of tracks not coming from the interaction point. Figure 3.2
shows the η distribution of the Level 1 muon trigger signals having transverse
momentum of at least 10 GeV. The subset of those actually reconstructed
as real muons in the offline analysis is also reported. More than 80% of the
triggered events are not associated with a reconstructed muon.

At higher luminosity, as expected in LHC in the next years, the fake trigger
signals will increase and eventually saturate the full bandwidth (100 kHz)
available for the Level 1 trigger. During Run 2 a first improvement of the
trigger logic has been performed, resulting in a reduction of 60% of the trigger
rate with only a 2% reduction of the efficiency to real muons [54]. This result
has been achieved adding an additional TGC coincidence in the region 1.3 <|
η |< 1.9 in the Small Wheels, or a TGC/Tile Calo coincidence to cover the
pseudorapidity region 1.0 <| η |< 1.2. Figure 3.3 shows a schematic view of
the new trigger logic, with an indication of the various pseudorapidity regions.
The curved arrow represents a slow particle generated in the beam pipe, hitting
the TGC in the middle station, but not the ones in the innermost: events of
these types are thus rejected.

Despite of the big improvement on the fake trigger rejection, a further effort
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3.3. Precision tracking performance

Figure 3.2: Distribution as a function of η of the level 1 trigger signal for muons
having pT if at least 10 GeV. In the plot the muon candidates reconstructed
in the offline analysis are also reported

is needed to satisfy the requirements of the future runs with higher luminosity.
The upcoming New Small Wheels are expected to maintain a Level 1 trigger
rate below 20 kHz, without any off-line cut or acceptance reduction which
would affect the physics analyses.

3.3 Precision tracking performance

The second, important, reason for the upgrade is that a sizeable reduction of
the performance of the detector, such as the MDTs, is expected at a luminosity
higher than 3·1034 cm−2s−1. This is due to the fact that local charges in the gas
reduce the effective field in the tubes, inducing a lower amplification and a loss
of efficiency. At moderate rate this effect is negligible, since the local charges
due to an ionizing particle are absorbed before the next particle arrives. In
particular the entity of the reduction has been studied at test-beam and it is
shown in Fig. 3.4(a). A single tube starts to lose efficiency even at low rate,
reaching an inefficiency of about 35% at 300 kHz. Since a MDT chamber is
actually composed of many tubes, the efficiency reduction is less pronounced,
leading anyway to an unacceptable reduction of the performance above 300
kHz. Figure 3.4(b) shows the rate expected as a function of the distance for a
luminosity of 3 · 1034 cm−2s−1, as seen in the MDT and CSC chambers, with
an indication of the 300 kHz threshold per tube previously mentioned. A large
fraction of the MDTs would need to operate at rate higher than 300 kHz.

3.4 NSW requirements

In order to fulfil the ATLAS requirements, maintaining at high rate during
High Luminosity LHC (HL-LHC) the same performance as now, the new de-
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3. The New Small Wheels Project (NSW)

(a)

(b)

Figure 3.3: End-cap muon trigger logic schema in Run II: a coincidence with
TGCs in the Small Wheels is required to discard fake triggers (a). Number of
triggers as a function of η with and without the requirement of the additional
coincidence (Top) and fractional event rate reduction (bottom)

tector technologies for precision tracking should provide:

• Reconstruction of muons tracks with a spatial resolution better than 50
µm. This will assure an overall momentum resolution of 10% for 1 TeV
muons

• Efficiency in finding muons better than 97% for muons with pT greater
than 10 GeV

• Efficiency not degrading at very high momenta

• Measurement of the second coordinate with a resolution of at least 2 mm

The requirements in order to keep the L1 trigger rate below the 20 kHz available
rate are summarized as following:

• The information should arrive to the Sector Logic (the muon trigger
electronics) not later than 1.088 microseconds after a collision which is
the latency of the current TGC signals from the Big Wheels.

• Track segment reconstruction should have an angular resolution of 1
mrad or better.

• Track segments should have a granularity better than 0.04x0.04 in the
η-φ plane to match the current muon trigger system

• The overall reconstruction efficiency should be at least 95%

• Track should be reconstructed in the full coverage of the detector
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(a)

(b)

Figure 3.4: (a) Efficiency of MDTs at testbeam as a function of the particle
rate (tubes and chambers). (b) Rate expected as a function of the distance at
a luminosity of 3·1034 cm−2s−1. Indication of the equivalent rate expected in
the MDTs is also reported.
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3.4.1 NSW ageing requirement and expected background

Another important requirement of the new detector technologies, involved in
any planned future upgrade, is the capability to run in very harsh and ra-
dioactive environments without a considerable reduction of the performance
for all the detector lifetime. In the case of the NSW, this lifetime is about 10
years at the maximum HL-LHC luminosity. In this condition the maximum
particle rate of minimum ionizing particle (MIP) is expected to be of about 15
kHz/cm2. If the energy deposed by a MIP in a standard Micromegas structure
(see next section) is considered, recalling some concepts described in App. A,
the charge accumulated due to a MIP can be calculated as follows:

QMIP =
EMIP

Wi

qeG (3.1)

where EMIP ∼ 1.25 keV, Wi is the ionization energy which, for an Argon-CO2

mixture, has a value of about 26 eV, qe is the charge of the electron, and G
is the detector gain, around 5000. If these values are used, a charge produced
by a MIP is about 40 fC. Considering the particle rate expected in HL-LHC
this brings to a total accumulated charge of about 50 mC/cm2 for 10 years of
operations. Other smaller contributions to the background are also expected
from alpha particles, neutrons, and highly energetic photons [55].

3.5 NSW Design

Two detector technologies have been chosen to fulfil the resolution, efficiency
and latency requirements: the Micro Mesh Gaseous Structure ( Micromegas)
and the Small Thin Gap Chambers (sTGCs). The project foresees a robust, re-
dundant tracking system, where the two technologies complement each other.
The Micromegas detectors are mostly devoted to high precision muons track-
ing, while sTGCs are mainly contributing to provide the trigger signal. Each
wheel will be composed of sixteen sectors, eight large (LM) and eight small
(SM), slightly overlapping to maximize the acceptance. Each sector consists of
two Micromegas and two sTGCs wedges separated by a central spacer frame.
The wedges are arranged to maximize the distance between the sTGC detec-
tors (sTGC-MM-MM-sTGC). A layout of the NSW structure, both seen from
the IP and from the HO side is show in Fig. 3.5. Each Micromegas wedge, at
its turn, is segmented into two modules, called SM1 and SM2 (if belonging to
the small sectors) or LM1 and LM2 if belonging to the large ones. Concerning
the sTGCs, each wedge is segmented into 3 modules. The structure of a sector
is schematically shown in Fig. 3.6 A single module is not a single detecting
plane, but a quadruplet, providing four independent layers of measurement.
In average a particle will, given the structure just described, cross at least
8 layers of Micromegas and 8 layers of sTGCs. The design also satisfies the
requirement of being compatible with the current tracking detectors and with
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Figure 3.5: Layout of the NSW seen from the IP and the HO side

the end-cap alignment system. The entire wheels are expected to be assembled
on the surface, and then installed in the cavern.

3.6 Micromegas technology

Micromegas [56] is a relatively new detector technology belonging to the cat-
egory of Micro Gaseous Pattern Detectors (MPGDs). Those detectors have
been designed to overcome limitations of the wire-based gaseous detectors,
mainly concerning the high rate capability, the ageing and the resolution lim-
ited by the wire spacing. The common element among all the MPGDs is being
based on Printed Circuit Boards (PCB) combined with photolitographic tech-
niques, allowing to manipulate very thin layer of materials. This technology
profits of the large experience accumulated in other fields and it is changing
the paradigm of gaseous particle detectors, improving their limits. Many large
experiments are now upgrading or foreseeing to upgrade their detectors with
MPGDs.

The original Micromegas consists of a drift electrode, a gas gap where the
particles convert of about 5 mm, called drift region, a metallic mesh and a
cathode layer where the signal is readout. The metallic mesh is kept at a
well defined distance from the readout by insulating pillars (typical length
∼ 0.1mm). An electric field is applied both between the drift electrode and
the mesh, and between the mesh and the readout. Typical values of the fields
are 100 V/cm and 50 kV/cm respectively. In the drift region ions and electrons
move towards the electrodes, while the amplification takes place only between
the mesh and the readout. The role played by the pillars is thus critical.
Recalling the theory of the Towsend coefficient (App. A), the amplification of
the detector depends exponentially on the distance. A small variation of the
distance between readout and mesh determines large variations of the electric
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3. The New Small Wheels Project (NSW)

Figure 3.6: Layout of a sector. Two Micromegas and two STGC wedges are
separated by a central spacer frame. Each wedge is composed of 2 or 3 modules,
depending if Micromegas or sTGC respectively

field, resulting in detector instabilities. A weak aspect of this structure is to
be extremely sensible to sparks. Sparks occur when the multiplication reaches
values close to the Raether-limit, where the gas becomes conductive having
exceeded its breakdown limit. In this situation sparks can damage the electrode
and lead to long deadtime due to the time needed to collect all the charges.
ATLAS developed a protection schema, to decrease the impact of sparks in the
detectors, consisting of a thin layer of insulating material on top of the readout
copper strips, covered, at its turn, by a layer of carbon resistive strips, retracing
the path on the underlying copper strips. In this configuration the voltage is
applied between the mesh and the resistive strips. The signal is readout via
capacitive coupling from the underlying copper strips. A schematic description
of the working principle and some of the main aspects of a resistive Micromegas
are reported in Fig. 3.7.

3.7 Micromegas for the NSW upgrade

As already described in 3.5, the NSW project foresees 16 sectors, 8 of them
called small and 8 large, each one composed of two wedges for each detector
technology (2 Micromegas and 2 sTGS), separated by 40 mm thick spacer
frame. Each wedge, at its turn, contains a sTGC and a Micromegas quadruplet.
A quadruplet provides 4 independent detection layers, arranged in a single
structure. Depending of their dimensions, 4 types of quadruplets have been
designed: LM1 and LM2 (Large sectors) and SM1 and SM2 (Small sectors).
The construction of the quadruplets is responsibility of four consortia, INFN
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Figure 3.7: Resistive Micromegas schema and principle of working. With re-
spect to a standard Micromegas an insulating layer is adopted between resistive
and readout strip to prevent damages due to sparks

(Italy) for SM1, BMBF (Germany) for SM2, IRFU/CEA (Saclay) for LM1 and
Dubna/Thessaloniki for LM2. The size of each quadruplet, depending on the
type, ranges from 2 to 3 m2. Each quadruplet is composed of 4 independent gas
gaps and readout layers arranged in such a way to maximize the compactness
and reduce the materials budget. The design foresees the construction of drift
and readout panels separately: readout panels include resistive and copper
strips, pillars are created on the resistive strips. Drift panels consist of the
external frame, the drift gap and the mesh, which is then coupled to the
pillars at the assembly phase. Figure 3.8 shows the quadruplet structure:
readout panels have the same readout structure (resistive and readout strips
and pillars) on both sides, separated by an honeycomb aluminium structure;
drift panels are single side, if closing the quadruplet externally, or double sided,
if used internally, between two readout panels.

In order to provide a measurement of both coordinates, a readout panel
has strips inclined of ±1.5 degrees with respect to the base of the trapezoid on
both sides, and it is called stereo layer, while the eta layer has strips parallel
to the base.

3.7.1 Readout panels

The external skins of the readout panels, including the readout structure, are
the most critical element of the detector and condense most of the technological
challenges of the entire project. The panel construction consists, at first, in the
realization of the readout structure (PCB boards), described in great detail in
Chapter 5, then glued on the two sides of honeycomb spacer at a later stage,
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Figure 3.8: Structure of a NSW quadruplet. 2 double sided readout panels
and 3 drift panels, one of those double sided are assembled, providing 4 inde-
pendent detection layers . Different inclinations of the readout strips allow to
reconstruct both coordinates.

providing stiffness, but containing the weight of the panel. Readout PCB
boards are based on a glass-reinforced epoxy laminate material (FR4) PCB
with copper strips chemically etched. An insulating layer of Kapton® is glued
on top, covered, at its turn, by resistive strips. Rectangular pillars (1000x200
µm2) are created via photolitographic technique on top of the resistive strips.
Readout PCBs are produced in industries, ELTOS in Italy and ELVIA in
France. Commercial standard PCB size are limited in size up to 60 cm in the
short direction, obliging to segment a readout panel into 3 or 5 parts depending
on the type. Figure 3.9 shows the segmentation of each of the four readout
panel types (SM1, SM2, LM1, LM2) with indication of the dimensions. Each
PCB has 1022 readout strips, 511 routed to the bottom left and 511 to the top
right of the board as shown in Fig. 3.10. Here the electronic boards will be
plugged. Resistive strips are interrupted in the middle of each board, defining
two independent sectors where a different HV could be applied. Copper strips,
on the other hand, are routed all along the board. The alignment between the
readout PCBs on the two sides of the honeycomb is one of the most critical
aspect of the readout panel construction. More details concerning the PCB
boards will be given in a dedicated chapter of this thesis.

3.7.2 Drift panels

The drift board structure is simpler. Readout PCBs are replaced by FR4
skins (0.5 mm thick) covered by a Cu layer, serving as drift electrode. Gas gap
frames and mesh frames are mounted on top, the first one defining the height of
the drift gap. The mesh frame is 120 µm thinner, hosting the mesh, previously
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Figure 3.9: Segmentation of readout PCBs for small and large sectors into
3 or 5 RO PCBs has been required by the limited size of commercial PCBs
available on the market. Indication of the dimensions are also given

Figure 3.10: Layout of a readout PCB, with indication of the location of the
contacts for the front-end electronic boards
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pre-stretched using pneumatic clamps at around 10 N/cm. Gas distribution
pipes and inlets are also foreseen in the drift panel structure. Interconnection
holes, connecting the two external drift panels, have been designed to limit
the deformation of the quadruplet when gas overpressure is maintained in the
quadruplet.

3.7.3 Module requirements

In order to fulfil the ATLAS requirements, extremely challenging mechanical
constraints should be taken into account in the construction of the panels, in
particular, considering the η direction:

• Position of strips on planes: 40 µm

• Relative alignment of the two sides of the readout panel: 60 µm

• Relative alignment of the two readout panels: 60 µm

Considering the z direction, performance requirements are translated into the
following mechanical constraints:

• 37 µm in RMS, equivalent to ± 110µm mechanical tolerance, for both
read-out and drift panels

• 50 µm for the aluminium bars and honeycomb structure
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Chapter 4
Ageing of Micromegas detectors
at GIF++ and rate studies

In this chapter a long term ageing study carried out on two Micromegas de-
tectors at the CERN Gamma Irradiation Facility (GIF++) is reported. The
aim is to prove that this detector design can stand the accumulated charge
expected in 10 years of HL-LHC operations without any degradation of the
performance, which has been estimated in 0.2 C/cm2 including a safety factor.
Complementary to this main study, the detectors performance has been stud-
ied in high particle rate environment, combining muon beam and high rate
photon background. This project took almost three years to be accomplished,
throughout which I have been always actively contributing and in some cases
leading the activity, from the installation of the setup, to the analysis of the
data. Relevant aspects of the physics of gaseous particle detectors can be found
in the appendix, together with a brief description of the GIF++ facility.

4.1 The problem of ageing

An important effect which can affect the detector performance or the work-
ing point is the ageing, which may change due to the exposure to particle
irradiation for long term periods. This has been found to be particularly rel-
evant for wire-based detectors implying a progressive degradation of the per-
formance [57]. Usually this degradation consists of an increasing dark current
(background counting rate) after exposure to radiation or a decrease of the
detector gain (leading to a drop in the efficiency) due to a partial shielding of
the amplification field. The ageing is in general due to deposition of material
on either the anode or the cathode surfaces. Deposits, especially on the anode,
can take the form of whiskers, droplets or a uniform coating as shown in Fig.
4.1. Certain types of gas mixtures are more prone to produce deposits due
to polymerization processes, for example those containing hydrocarbons. This
leads to the formation of radicals, which are not volatile and tend to deposit on
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Figure 4.1: Example of wire analysed at the microscope revealing a coating
surrounding the entire wire. Several types of coating can be seen on the wires
depending on the composition of the gas mixture

the electrodes. In addition a relevant contribution is given by contaminants,
such as non-polymerized monomers left from the production of plastic materi-
als, traces of oils, lubricants and cooling fluids not properly removed after the
detector construction. In general every detector technology has its own weak-
ness, and the ageing manifests itself in a different way. Another crucial aspect
of the ageing is that the effects depend on the rate of charge accumulation.
Some problems may occur if the ageing is very slow, not appearing at all if
the same charge is accumulated in a small amount of time. The best ageing
test is thus to replicate the exact conditions the detectors will be exposed to in
the experiment. Accelerating the ageing, for example exposing to an intense
X-rays gun, or operating the detector in a completely different regime, may
provide a partial and not reliable answer to the ageing issue. In the context
of the NSW update project, Micromegas detectors will be installed in the AT-
LAS experiment during Phase-I upgrade, in 2019, and they are expected to
run until the end of the operations, currently foreseen in 2035.

4.2 Description of the setup

The ageing study has been carried on two bulk resistive Micromegas detectors,
with an active area of about 10 × 10 cm2. The adjective bulk refers to the
specific construction technique of this detector, where the mesh is embedded
on the pillar structure. The rest of the detector design is very similar to the
one adopted for the NSW project: 5 mm drift gap, ≈100 µm amplification gap,
resistive structure based on 50 µm thick Kapton layer, and similar materials.
The resistive strips are screen-printed and the paste used is exactly the same
used for the NSW detectors. Each of the two detectors, called T5 and T8
in the following, has a single gas gap and mono-dimensional readout pattern,
providing a single measurement of the tracks. The readout plane is composed
of copper strips, 300 µm wide and with strip pitch of 400 µm. The resistivity of
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the carbon strips above the insulating layer is of the order of few MΩ/cm2. The
mesh has 18 µm thick wires, with an opening of 45 µm. As already explained,
the best ageing test is the one lasting as long as the detector permanence
in the experiment. For the NSW this means about 10 years. The position
of the detectors in the GIF++ facility has been chosen to accumulate the
already mentioned 0.2 C/cm2 in about 2 years, based on a rough estimation
of the particle rate, accelerating the ageing of a factor five, considered as a
good compromise between duration of the test and its reliability. The position
chosen in the facility is indicated in Fig. 4.2 (red dot), at about 90 centimetres
of distance from the source. The distance of the aluminium stand from the
source has been mechanically fixed and it did not change throughout the time.
The two detectors were anchored to the aluminium stand rail; in this way the
height from the floor was also fixed and optimized to face directly the source.
On the other axis, however, detectors could slide on the rail with respect to
the source position up to about 40 cm. This movement could affect the rate
of photons illuminating the detectors, leading, ultimately, to a different ageing
rate between the two chambers. A picture of the two chambers under test and
of the aluminium stand is shown in Fig. 4.3. The extent of this effect has been
studied by means of a dedicated Geant4 simulation, described in the following
section. The HV (both for the amplification and drift fields) was completely
controllable from remote: the HV cables, 20 meters long, have been routed
under the false floor to the main rack area, where a CAEN mainframe was
installed. Copper strips have been readout by means of the SRS system and
APV 25 hybrids [58] [59]. A typical event as acquired by the APV is shown in
Fig. 4.4. The acquisition window is usually set to 675 ns, divided into time bins
of 25 ns each. At each time bin the integrated charge collected is readout. The
electronics, FEC and ADC cards have been installed in the bunker, shielded
from the radiation. Ethernet cables run from the bunker to the control room
situated 50 meters apart. Ar/CO2 (93:7) is the standard gas mixture used: the
gas bottle is placed outside the facility, copper and stainless steel pipes have
been routed to the detectors.

4.3 Characterization of the source

A preliminary characterization of the detector has been carried out by evalu-
ating the number of single clusters of charge recorded by the electronics and
belonging to the same photon converting in the gas. This study is required
to estimate the particle background rate at which the detectors have been
exposed to, as a function of the different source filters available. Figure 4.5
shows a typical event as seen from the Online DAQ software used. In the left
panel the strip charge is reported as a function of the strip number. On the
right the time of the signal arrival, corresponding to the time at which the
maximum charge for each strip is measured, is reported as a function of the
strip number. In this case three independent photons interacted in the gas in
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Figure 4.2: Layout of the facility. The position where the Micromegas setup
was installed is also shown

Figure 4.3: Aluminium stand supporting the two Micromegas detectors
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Figure 4.4: Event as acquired by the APV 25 electronics

(a) (b)

Figure 4.5: Typical example of an event in a Micromegas detector as seen by
the DAQ online system. Figure (a) shows the charge readout as a function of
the strip number, figure (b) shows the time of arrival of the signal as a function
of the strip number

the acquisition time window of ≈ 500 ns. The trigger was provided randomly.
To evaluate automatically the number of interactions in a recorded event a
topological reconstruction of the clusters is performed: neighbouring strips are
grouped together, if temporally compatible, being most probably due to the
same photon conversion. If one strip without a readable signal is surrounded
by two fired strips, the central one is considered as dead and incorporated in
the cluster. This reconstruction technique has been widely used in the Mi-
cromegas community, providing validated results in muons or pions testbeams
or at the cosmic stand. At GIF++ an additional difficulty is represented by the
electronic noise induced by the high level of radiation and from the fact that
photons interacting in the gas can produce delta rays travelling long distances
in the gas and producing, in turn, secondary ionisations. Concerning the first
point, dedicated cleaning algorithms have been developed, more details can be
found in [60].
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Figure 4.6: Photon interaction rate as a function of the amplification voltage
for different values of the attenuation of the source

The particle rate has been estimated for different values of the source at-
tenuation as a function of the amplification voltage normalizing the number
of events recorded to the acquisition time window used. Results are shown in
Fig. 4.6. Where not explicitly differently reported, the drift voltage has been
kept always at 300 V, usual value for this type of detectors to guarantee a
good transparency of the mesh to the electrons. With attenuation filter equals
to 1, which means no attenuation of the source, a rate of about 120 kHz/cm2

has been measured at 530 V. At lower amplification voltages, the amplifica-
tion is lower, thus the efficiency may be also affected if the amplified charge
is still below the threshold of the electronics. If this is the case, the particle
rate measured decreases. With every combination of filters used a plateau in
the number of counted clusters is reached starting from 500 V, defined as the
voltage at which the full efficiency is reached.

The detector current as a function of the amplification voltage has been
also evaluated for different values of the attenuation filters, and it is reported
in Fig. 4.7. As standard working point for the ageing study an amplification
voltage of 500 V has been chosen, corresponding to about 1.8 µA in the full
source scenario. The corresponding efficiency is close to 1, as also previously
observed.

4.4 Geant4 simulation of the detector at GIF

In order to achieve a comprehensive understanding of the detector performance,
a dedicated Geant4 simulation has been carried out. Geant4 is a well known
and widely used simulation tool-kit in High Energy Physics, allowing a detailed
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Figure 4.7: Detector current as a function of amplification voltage for various
attenuation filters

and realistic description of the geometry, choice of the physics processes to ac-
tivate, and freedom in the choice of the physics quantities to be scored [61].
In this case the realistic description of the facility has been imported directly
as XML file, as described and validated in [62]. The source code of the facil-
ity geometry has been provided directly by the paper authors, to whom we
are deeply grateful. The detector has been implemented as described in 4.2,
defining a list of materials which are summarized in Fig. 4.8. The detector
structure implementation is based on an already validated simulation work de-
scribed in [63]1. Concerning the physics processes activated, Geant4 provides
predefined physics kits containing most of the relevant processes and covering
most of the different applications. In this case the standard FTP_BERT physics
list is used, containing all the electromagnetic processes, as described in [64].
The gas gaps, both drift and amplification are sensitive detectors: a particle
interacting, or even only passing in a sensitive region is scored and the most
relevant information (energy, energy deposited per step, momentum, direction)
is saved for later analysis.

The first goal of the simulation was to evaluate the effect, in terms of
observed particle rate, due to the sliding of the detectors in the aluminium
stand from a position facing directly the source to a position misaligned of
about 40 cm. This effect, if large, could lead to a difference between the
two detectors in terms of ageing rate. The source, indeed, has been realized
with a set of filters and lenses, designed to provide a flat irradiation front, in
order to irradiate as uniformly as possible the detectors placed at the same
distance from the source, as in our case. Several simulations have been carried

1Thanks to Nikolaos Karastathis for his courtesy.
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Figure 4.8: List of material defined for the geometry construction

out with a fixed number of particles isotropically emitted from the source
recording only the ones passing trough the detector gas gaps. The position of
the detector has been progressively moved with respect to the position facing
directly the source, where maximum rate is expected, of 15, 30 and 45 cm
on both sides. The relative number of particles scored, as a function of the
position, normalized to the maximum is shown in Fig. 4.9 compared to the
relative rate expected in absence of focusing lenses. Position at 0 cm is facing
directly the source. A relative variation of±5% is found by shifting the detector
from the center to 40 cm on both sides and it represents the uncertainty to
be taken into account in the particle rate estimation. The focusing effect of
the lenses is of the order of few percent. The Geant4 simulation has been also
used to evaluate the detector sensitivity, as described in the next section.

4.5 Estimation of the sensitivity

In order to provide an estimation of the sensitivity, which is the probability
of a photon to interact and to be seen by the detector, in addition to the
rate recorded, the total photon rate illuminating the detector needs to be
estimated. The Geant4 simulation has been therefore run several times, once
for each setting of the attenuation filters used, with the detector placed as in
the real facility, counting the particles passing through the gas gaps, without
requirements on the interaction in the detector. The number of events seen
and counted experimentally at the efficiency plateau (amplification voltage set
to 500 V) by the detector has been then compared with the flux simulated,
as reported in Tab. 4.1. The last column reports the value of the sensitivity,
calculated as the ratio between the two values. The sensitivity shows a value of

50



4.5. Estimation of the sensitivity

Figure 4.9: Detectors could be displaced with respect to the center of the source
up to 30-40 cm. A simulation has been carried out to evaluate the maximum
difference in photon flux due to a misalignment of the detectors with respect
to the source. A min-max difference of about 10% is found

about 1.7 · 10−3 compatible among the different attenuation filters considered
except for the case where the source is not shielded (attenuation 1). In this case
a lower value is found. A explanation could, however, justify this behaviour:
at very high rate the current flowing in the detector is very high (order of
µA) inducing a voltage drop on the same resistive strips (whose resistivity is
of the order of few MΩ/cm2) resulting in a reduction of the effective field in
the detector, i.e. a lower amplification. A lower number of clusters seen would
lead to a lower value of the sensitivity.

Table 4.1: Rate measured by the detector, simulated and their ratio as a
function of different attenuation filters

Att. factor Rate from detector (kHz/cm2) Total photon rate Sensitivity

1 115 7.70E+07 0.0015
1.5 100 5.21E+07 0.0019
2.2 68 3.73E+07 0.0018
4.6 35 1.88E+07 0.0018
10 18 1.06E+07 0.0017

100 2.5 1.49E+06 0.0017

To verify these explanations a ratio plots have been computed considering
the measured particle rate as a function of the amplification voltage for various
attenuation filters, divided by the rate observed at the respective HVs, but
always taken at a reference attenuation filter. The reference filter has to have
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a high value (low particle rate from the source), where effects arising from high
occupancy are not present. A second ratio plot, made as the previous one,
but considering the detector current instead of the particle rate has been also
considered. Both ratio plots should show a flat behaviour as a function of the
amplification if no supplementary effects arise, meaning that the relative ratio
between the rate (or the current in the second case) measured with different
filters depends only on the value of the filters themselves and not on the voltage.
If voltage drop is taking place, meaning a reduction of the amplification at high
rate, both the ratios should decrease while increasing the amplification voltage.
Fig. 4.10 shows the two ratio plots when the attenuation 100 (the peak source
intensity is reduced by a factor 100) is used as a reference. The top one (a) is
done by considering the measured rate, the bottom one the current recorded
(b). Both plots show a reduction of 10%−20% at high rate with the increasing
of the amplification voltage, confirming that the amplification is indeed affected
by the high particle rate environment. A contribution arising from the failure
of the clusterisation algorithm in correctly recognizing the cluster is also visible
at the highest rate, even at low amplification voltage.

4.6 Experimental evaluation of detector per-

formance at high rate

The possibility of combining a muon beam with the photon source irradia-
tion, gave the chance to assess the detector performance, spatial resolution
and amplification, as a function of the source intensity. The resolution of a
Micromegas detector is related to the precision on the cluster position defini-
tion, which is in general higher if the cluster charge of the event if bigger. The
reason is the fact that sharing the charge among many strips, allows a better
definition of the centre of charge cluster position, in the case of muons im-
pacting perpendicularly the detector. Amplification reduction, due to voltage
drop or any other effects, would produce a decrease of the average size of the
clusters, reducing, ultimately, the detector performance. The two detectors,
aligned to the beam, have been installed in a telescope as shown in Fig. 4.11.
Two Micromegas 10x10 cm detectors, called Tmm have been used as tracking
reference chambers. The trigger signal, fired by the passage of muons, has been
provided by the coincidence of scintillators placed both outside and inside the
facility to reduce the fake triggers coming from the photon interactions.

Recorded data contains both muon tracks and randomly distributed photon
interactions. After the topological cluster reconstruction already described
in Sec.4.3, a dedicated algorithm, based on Hough transform [65], has been
developed to discriminate between the two. First a calibration file is provided,
containing data taken without photon irradiation (source off). This calibration
is required to perform the alignment of the detectors and the correction for
inclination. Then data with both muons and photons is analysed. Each cluster,
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Figure 4.10: Figure (a): particle rate as a function of the amplification voltage
for different attenuation factors divided by the rate measured at the same value
of voltage but at attenuation 100. Figure (b) shows the same ratio plot but
considering the detector current in place of the particle rate
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Figure 4.11: Setup for the high rate detector performance study. Two bulk
Micromegas are used as tracking chambers

given its position, is transformed into a line (or, more in general, a curve) in
the Hough space. In this case a simple linear transformation is used. Clusters
compatible with a muon track all intersect in the Hough space in one point as
shown in the last section of the figure. The coordinate of the intersection point,
when anti-transformed, provides the parameters of the track. This technique
has been found extremely efficient in muon track selection.

The distribution of the residuals, obtained computing the difference be-
tween the measured cluster position and the best-fit track interpolated on the
detectors under test is then fitted with a gaussian distribution, whose sigma pa-
rameter provides the resolution. In order to estimate the amplification factor,
the cluster charge distribution of muon candidates as recognized by the Hough
transform algorithm is fitted with a Landau function and the most-probable-
value is then considered as shown in Fig 4.12. This parameter quantifies the
mean value of the charge collected for muon signals; if the value decreases,
clusters have in average less charge, meaning a reduction of the amplification.
For all these runs, amplification voltage has been set to 500 V, while the drift
voltage, as usually, to 300 V.

The particle rate has been modified changing the filters. The rate equivalent
to a specific attenuation has been estimated through the measurements already
described in a previous section. Detector performance has been assessed up
to a particle rate of about 70 kHz/cm2. It is important to remind that this
type of detector has been designed to work in particle rate environment up to
15 kHz/cm2 as expected in the ATLAS New Small Wheels. Figure 4.13 shows
the results for the resolution (a), and the amplification (b) as a function of the
particle rate. A resolution of about 70 µm is found constant even at the highest
rate. This value is slightly worse than the intrinsic resolution of the detectors
found in previous studies, due to a not fully optimized analysis. However the
purpose of this study is only to evaluate the degradation of the performance,
if any, as a function of the rate. For what concerns the amplification, a most-
probable-value of about 1300 ADC counts (≈ 104 electrons) have been found,
constant up to 35 kHz/cm2, with a small degradation only at the highest rate.
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Figure 4.12: Typical distribution of muon cluster charge. The fit is performed
with a Landau function. The most-probable-value is an indication of the am-
plification in the detector

The errors bars reported are obtained by the error on the parameter estimation.
This study successfully confirms that no performance degradation will arise if
detectors are operated at the maximum rate of 15 kHz/cm2, and even at higher
rate.

4.7 Long term ageing study

In addition to the rate capability, the assessment of the ageing effect on these
detectors is a crucial aspect in view of their installation in complex and long
term experiment as ATLAS or CMS. In our cases T5 and T8 have been installed
in GIF++ to perform an accelerated ageing in May 2015. Since then the
detectors currents, HVs, environmental conditions have been kept constantly
monitored. Figure 4.14 shows for both the detectors the integrated charge
as a function of time until the end of the measurement, in December 2017.
More than 0.3 C/cm2 have been collected by both the two detectors, which
is about 0.1 C/cm2 more than the initial goal. It is evident that the charge
accumulation rate, or slope of the curves, is not constant. This is due to the
frequent changes in the position of the detectors, leading to a change in the
current as evaluated by means of the Geant4 simulation and described in a
previous section, or changes in the source attenuation, or testbeam carried out
in the facility as in May 2017. The effect of the irradiation has been assessed
by measuring the efficiency to muons and the gas gain as a function of the
amplification voltage three times, once before the beginning of the irradiation,
one in the middle after accumulation 0.2 C/cm2 and one at the very end of the
irradiation period. Figure 4.15 shows the efficiency curves for the three data
measurement campaigns for the two chambers, T5 and T8 respectively. The
efficiency measurement has been carried out installing the two detectors in the
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Figure 4.13: Resolution (a) and most-probable-value (b) of muon charge as a
function of the particle rate
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Figure 4.14: Integrated charge as a function of time

same telescope already described for the high rate studies and exposing them
to the muon beam. Data have been taken with source off as described above.
Scintillators were employed to provide the trigger signal. An event has been
considered if one and only one cluster is found on each tracking detector and
considered efficient if, within a window of 500 µm from the expected position,
a cluster is found also on the detector under test. Viceversa if no clusters are
found the event is labelled as lost, and contributes to the inefficiency evaluation.
Two main aspects are relevant and should be considered in the evaluation of
the ageing in this measurement. The first is the value of the efficiency at the
plateau, initially very close to one, that could degrade reducing the maximum
achievable tracking efficiency. The second one is a shift of the working point,
defined as the voltage which needs to be applied in order to be fully efficient.
An increase of the working point would require an increase of the voltage at
which the detectors should be operated, potentially leading to instabilities and
discharges. As clearly shown in the plot, none of these two issues took place
in the detectors. The environmental conditions are not taken into account
in this analysis, explaining the small differences at lower voltage. This kind
of analysis is also sensitive to the electronics noise and pedestal fluctuations:
different setups, especially at very low amplification, where the charge of muons
cluster is low, could show small differences. In any cases an efficiency of almost
one is reached, at a working point of about 500 V.

To confirm this result the gas gain has been measured in the laboratory
with an 55Fe source. Figure 4.16(a) shows the setup that has been used for the
measurement: HV has been applied to resistive strips and drift electrode, as in
normal detector operation. The mesh has been connected to a discriminator
and then to a scaler to provide the rate of photon interactions once the source
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Figure 4.15: Efficiency curve as a function of the amplification voltage for T5
(a) and T8 (b) for the three data taking campaigns
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Figure 4.16: Schematic of the setup used for the gas gain measurement

is placed on the detector. The gas gain has then been calculated observing the
current on the resistive strips as follows:

G =
I

Rep
(4.1)

where R is the particle rate observed at full efficiency on the mesh, e is the
electron charge and p is the number of primaries expected for each photon
interaction. A reference value, usually adopted in literature is 220.

Fig. 4.17 shows the gas gain in logarithmic scale for T5 (a) and T8 (b) as
a function of the amplification voltage for the three measurement campaigns.
Also in this case no corrections for environmental conditions have been applied,
but no significant reduction of the gain has been observed.

The last approach to assess whether performance has changed throughout
the time is to look at the current flowing in the detector as a function of time
during the source-on periods. This approach has a critical aspect: due to the
several changes in the attenuation filters in the 2 years and a half of irradiation,
and especially to the movement of the detectors in the structure (see previous
sections) which were not registered, the rate of photons reaching the detector
hasn’t been always constant. To account for this issue time intervals where
source conditions and detectors parameters are fixed have been considered;
if the source attenuation, at a certain instant, is changed, the time interval is
closed and a new one is started with the new source parameter. This technique
allows to identify single time units where nothing was changed in the facility.
Then periods are joint together with a method that could be called tail tip: the
current is rescaled in such a way that the very first part of a period takes the
same value of the last part of the previous one. In this way the absolute value of
the current is lost, but trend in the current behaviour can still be appreciated,
if any. No ageing is expected between adjacent periods. Another important
aspect has to be taken into account, which is the charge-up and polarization
effects taking place as soon as the source is switched on at very high rate. In
this condition for few minutes the dielectric polarization induces an increase
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Figure 4.17: Gas gain for T5 (a) and T8 (b) as a function of the amplification
voltage for the three measurements compared
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of the current which is not due to any ageing effect. In the analysis, therefore,
about an hour of the first part of each time interval is cut away in order to
consider current values only in stable conditions. In Figure 4.18 the detector
current is reported as a function of time when the source is switched off and
then immediately switched on again to full rate (a) and when it is switched
on after some time being fully shielded (b). As soon as the source goes to off,
the current drops to zero, showing a negligible dark current. When the source
is switched on, a peak is observed in both the situations, then exponentially
decreasing in the order of few seconds. In the second case, however, a very
small, but still perceptible increase of the current is observed, which saturates
after some tens of minutes. Both the effects are very small (order of few %),
but should be taken into account to provide a reliable description of the current
behaviour as a function of time. Figure 4.19 shows the current behaviour for the
two chambers, T5 snd T8. On the X-axis the interval number is reported. The
average length of a period is about 3 days. The integrated charge considered
in the analysis, reported in the plot as well, is smaller than the total integrated
charge due to analysis requirements, most of them already described above.
In any case, both detector current trends are clearly demonstrating that no
appreciable changes have taken place, confirming the results already suggested
by the gas gain and the efficiency measurement.

4.8 Conclusions

The presented studies carried out on Micromegas prototypes at the GIF++
facility were aiming to assess the performance of the detectors in high particle
rate environment and the ageing effects due to long term irradiation. Reso-
lution and amplification are not affected up to 70 KHz/cm2, and no sign of
ageing has been observed after integrating 0.3 C/cm2, much higher than what
this type of detectors will see in 10 years of High Luminosity LHC operations.
A similar ageing study has been also carried out at Saclay laboratories in the
past years with an X-ray generator, reporting no significant sign of perfor-
mance degradation [55]. In this case, however, the ageing rate was accelerated
of several orders of magnitude, performing all the test in about one week. As
observed in a previous section, this approach may provide not fully reliable
results.
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(a)

(b)

Figure 4.18: Detector current as a function of time when a transition from
source on to source off and immediately back to source on is performed (a)
and when source is turned on after some time (b)
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Figure 4.19: Current trend for T5 (a) and T8 (b) as a function of time
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Chapter 5
Quality Assurance of RO
Printed Circuit Boards (PCBs)
for the NSW detectors

In this chapter a detailed description of the readout Printed Circuit Boards
(PCBs) for the NSW detectors is given, in particular focusing on some aspects
of the quality assurance and control performed at CERN. In this project I
have been contributing in several ways: I have been the responsible for the
development and maintenance of the databases and software infrastructure,
collaborating in the definition of tests, in the daily shifts as expert and in the
supervision and training of shifters for more than one year and a half. The
material here presented is the result of many years of work, headaches and
sleepless nights of several friends and colleagues of the CERN EP-ADE-MU
group. I am deeply grateful to all of them.

5.1 Readout PCB design and construction

As seen in chapter 3, each readout panel is composed of two readout skins,
one for side. Each skin is, at its turn, composed of 3 or 5 independent readout
PCBs, depending on the quadruplet type. In total about 2200 readout PCBs
will need to be delivered to the construction sites in order to build all the
detectors. The structure of a readout PCB and the construction sequence are
shown in Fig. 5.1. A 500 µm a glass fiber epoxy layer (called FR4) is used
as substrate for the copper readout strips, obtained by etching, having a pitch
ranging from 425 µm to 450 µm and a thickness of 50 µm. A 50 µm Kapton®

foil, carrying the resistive strips, is then glued at high temperature and pres-
sure in a very clean environment on the FR4 layer. The resistive strips have
the same pitch of the readout strip, and a thickness of about 20 µm. HV input
lines are connected to the resistive strips, screen-printed with silver conductive
paste. Finally the pillars are created via a photolitographic process after lam-
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Figure 5.1: Step of PCB production

inating the PCB with a double layer of coverlay material (Piralux PC1025).
Finally edge milling and precision holes drilling is performed. During the cop-
per etching, several alignment masks are also created to verify a posteriori the
precision of the construction.

5.2 Quality control (QAQC) organization at

ATLAS PCB lab

The readout PCBs are the most challenging and complex part of the entire
NSW detectors. They are produced by ELTOS (Italy) and ELVIA (France)
companies, involving non standard processes and extremely high precision, re-
quiring dedicated machines, training and specific follow-up. The quality con-
trol and assurance operated at CERN is a crucial element of the entire project:
an out-of-specification or malfunctioning board sent to the construction sites
would result in a not perfectly working detector. The schema of the readout
PCBs logistic and production is show in 5.2. Base materials (top left of the im-
age) are sent to CERN from external suppliers and then sent to the companies
for the PCBs production. Resistive foils (bottom left of the image) are pro-
duced in Japan (Kobe), then shipped to CERN and finally to the companies.
After construction, PCBs are sent to CERN for quality assessment: if minor
or no defects are found PCBs are shipped to the four construction sites (Pavia,
Munich, Saclay and Dubna). In case of major defects boards are repaired at
CERN, if possible, or sent back to companies for replacement or reparation
as shown in Fig. 5.3. The tests performed at CERN aim to complement the
quality protocol established with the companies, monitoring all the production
steps.
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Figure 5.2: Schema of PCB and base material logistic

Figure 5.3: Schema of QAQC tests and organization

67



5. Quality Assurance of RO Printed Circuit Boards (PCBs) for the NSW detectors

Figure 5.4: Dedicated databases have been set to record logistic and QAQC in-
formation, the LOG and PCB QAQC databases respectively. Both are hosted
at CERN and based on Oracle

Given the large number of boards and the complexity of the logistic, each
PCB and resistive foil is associated with specific and unique IDs. This ID allows
the registration of all the information related to the single item and to keep
track of the shipments. Moreover, a dedicated database has been developed
to host the QAQC measurements and tests results, in order to be accessed
and retrieved them when needed. Figure 5.4 shows part of the databases
interplay: the QAQC PCB database is accessed in reading and writing mode by
the ATLAS CERN Muon group, responsible for the quality assessment of the
boards. Each board is also registered in the LOG database, where shipment,
parenting and logistic is recorded. The external community, indicated in the
picture as ATLAS, can at any time retrieve the information from both the
databases, through dedicated web interfaces described later in the text.

The control process of each single board arriving to CERN is organized
in multiple stations, or desks, designed and equipped with proper tools and
instruments for each specific test as shown in Fig. 5.3. Before starting the
real tests, each board passes through a quick, but detailed visual inspection
by an expert, in order to spot macroscopic problems that could affect the
whole batch: manufacturing of PCB boards is a complex procedure, involving
several chemical baths and steps. It turned out that changes in the indus-
trial processes, could dramatically affect the whole production. A immediate
feedback to the companies after the arrival of a new delivery is therefore of
extreme importance. After this, the QC starts and PCB are registered in the
LOG database. Each desk is also equipped with a computer, to access the
web form developed to fill all the information and save permanently in the
database. The online form, developed in Javascript and AngularJs, hosted at
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CERN and based on Nodejs, is organized in indipendent sections, mimicking
the organization of the QC lab. Each section allows the user to provide the rel-
evant information, insert measurements, answer specific questions. Thresholds
and possible source of issues are automatically advertised on the form. When
check of the board is completed, i.e. all the sections have been filled, a final
grade to the board is suggested depending on the results of the intermediate
sections: an expert user, when performing the final inspection and reviewing
the whole board, can confirm or modify the automatic grade, accepting the
board, or rejecting it. A view of the form is provided in Fig. 5.5.

5.3 QAQC tests

In the following sections few details of the most relevant tests performed will
be given, focusing in particular on the critical defects found throughout the
project.

5.3.1 Toplight inspection

The toplight inspection consists in the visual inspection of the board surface.
The desk is equipped with a stereo Leica microscope and a light to investigate
all the possible defects that could cause HV instabilities. It should be reminded
that on top of the pillars, during the quadruplet assembly, the metallic mesh
will be coupled defining the amplification region. Distance from the mesh and
resistive strip is of about 120 µm, being the height of the pillars themselves.
The presence of a defect, contamination, dust trapped below the Kapton®

could sensibly reduce this gap, leading to a local higher gain region, and in-
troducing a weakness in the whole detector as shown in Fig. 5.6. The internal
tolerance for bumps has been set to 10 µm. Larger bump needs polishing with
sandpaper, if possible, or passivation with a coverlay disk. Other issue that
should be found at toplight inspection are shown in Fig. 5.7. Edge damages,
or any damage of the resistive foil affecting the Kapton® will break the insu-
lation between resistive and readout strips, leading to discharges and making
the detector completely unusable. If the isolation is broken, no reparation can
be performed and the PCB is rejected. The insulation between resistive and
readout strip is also tested with a dedicated template and a Megger insula-
tion tester, by applying 1 kV: if more than 3 GΩ are obtained, test is passed.
Another HV critical insulation test is performed between the resistive strips,
and the part of the PCB in contact with the external frame. This part is
covered by 128 µm of coverlay material and also in this case a failure of the
insulation could cause the immediate rejection of the board. Resistance value
of the coverlay insulation higher than 30 GΩ is expected.

69



5. Quality Assurance of RO Printed Circuit Boards (PCBs) for the NSW detectors

Figure 5.5: An online web form has been developed to retrieve and insert PCB
information. In the image a collage of the different sections is shown
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Figure 5.6: Any material trapped below the Kapton® introduces a weakness
in the detector, reducing the amplification gap

(a) (b)

Figure 5.7: Defect as edge damages or scratch of the Kapton® surface may
lead to the rejection of the board
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(a)
(b)

Figure 5.8: Magnifying lenses allow to reveal the copper masks designed in the
PCB to estimate drilling (a) and cut (b) precision

5.3.2 Backlight inspection

The backlight inspection desk, as the name suggests, is characterized by the
presence of a light below the PCB surface, integrated in the table. The main
goal of this inspection is to test the alignment of the resistive foil with respect
to the copper pattern, the precision of the mechanical holes used later for the
construction of the panels, the cleanness and the cut precision of the edges,
checked with magnifying lenses. Most of these tests rely on the presence of
copper masks in the PCB design, which are particularly evident if illuminated
from below. Two examples are given in Fig. 5.8. On the left image a mechan-
ical hole (a) is seen at the microscope. The precision of the drilling in the FR4
material is estimated with respect to the copper image, which is precise by
design. On the right image (b), the precision of the cut is assessed by means
of another mask, consisting of several echelons, allowing for a quick and visual
measurement of the cut precision. Acceptance limits are rather tight. As al-
ready described in a previous chapter many PCB are used to make a single
panel, but they could not overlap, or leave empty space between them. A cut
precision of better than 250 µm is thus required.

The most important aspect investigated at backlight desk is to check the
presence of all the pillars on the detectors surface. This test implies finding by
eye the absence of even a single pillar, considering that a single board carries
few thousand of them! On the other hand, if the pillars are the object keeping
the mesh at the right distance, the absence of pillars will lead to a deformation
of the mesh surface and a reduction of the distance between anode and cathode.
As already seen this is not acceptable for detector operation. The adhesion of
pillars is also tested with tape, and stressed by lateral forces. During the first
phase of the PCB production many problems were raised from the low adhesion
of pillars. If large fraction of pillars are missing, the board is sent to companies
to perform a second coverlay lamination and pillar impression. If only few

72



5.3. QAQC tests

(a) (b)

Figure 5.9: Region of missing pillars precludes the good functioning of the
detector (a). Reparation consists in regluing pillars one by one (b)

pillars are missing a dedicated reparation technique has been developed at
CERN, consisting in the re-glueing of single pillars: first the region is polished
with sandpaper, then a drop of glue is deposed, and finally a pillar (200 µm
wide!) is placed in the right position. All this operation is performed at the
stereo microscope. The time needed for a single pillar reparation is of about
30 minutes. An image of a region with many contiguous missing pillars is
shown in Fig. 5.9 (a). On the right image (b) a picture taken with the stereo
microscope of a reglued pillar is shown. After curing each single reglued pillar
is checked and cleaned from glue excesses.

Another critical test is performed on the pillars, and it concerns the mea-
surement of their height. The height is determined, at first, by the thickness
of the two coverlay layers which are laminated on the resistive pattern, which
is equal to about 60 µm each. Then several factors may arise, such a imperfect
curing of the coverlay, an insufficient exposure to the UV light, leading to a
reduction of the pillar height with respect to the nominal value. Pillars shorter
than 80-100 µm cannot be accepted. In general, if known, a small systematic
reduction can be tolerated for detector operation: as already seen, pillars de-
termine the HV working point of the detector; if it is smaller the field needed
at same gain will be lower. HV sectors having an homogeneous lower size of
pillars can be grouped and operated at the appropriate voltages. What is,
on the other hand, not acceptable, is the presence of dishomogeneities on the
same HV sector. This implies region with different gain applied, whatever is
the HV supplied, leading or to inefficient region, if the HV is tuned accord-
ingly to the shortest pillars, or regions more prone to sparks and instabilities,
if the HV is tuned according to the longest ones. A dedicated tool has been
designed, composed of a flat and precise surface and four gauges: the tool
sits on the pillars on the precise surface and the gauges measure the distance
between the surface and the resistive pattern as shown in Fig. 5.10 (a). In
case the gauge sits on a pillar, the distance measured is 0 by definition and the
measurement is therefore discarded. The test in performed sampling different
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(a)

(b)

Figure 5.10: Pillar height measurement tool (a) based on precise surface sitting
on the pillars and gauges to measure the height. Distribution of the pillar
height for a board (b)

Figure 5.11: Pillar height map: systematic shift or low mean value automati-
cally triggers an alarm in the web interface

regions of the boards, aiming to make a map of the pillars height and perform-
ing an automatic analysis of the homogeneity. Figure 5.10 (b) the distribution
of the pillars height is reported for a board. The average value is about 120
µm. Figure 5.11 shows the distribution of the pillars height as a function of
the position on the board. Large dishomogeneities can be dangerous for the
detector operation, creating region with different amplification fields. An algo-
rithm calculates the maximum difference between pillars at the right and left
side of the board, and between the top and bottom part. The tool has been
developed by a CERN/LMU/Tokyo collaboration.

The mean value of the pillar height measured so far on all the accepted
board is shown in Fig. 5.12 as a function of the board type, without taking into
account stereo/eta difference. The asymmetric errors on the values account
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Figure 5.12: Pillar mean height as a function of the board type

for the minimum and maximum mean value among the boards considered.
Among the different board types, the mean value is within ±1%, µm with a
maximum fluctuation of ±8 µm observed with respect to the nominal value,
still acceptable for a safe operation of the detectors if appropriately coupled to
the HV channels.

5.3.3 Dimension measurement

The FR4 material is known to have an hygroscopic behaviour: it tends to
expand accumulating water molecules. This effect has to be taken into ac-
count when building readout boards with dimension tolerances of the order of
few hundreds of µm. In particular, copper images have been rescaled of -0.48
mm/m in short and -0.43 mm/m in long directions for what concerns ELVIA
boards, while -0.43mm/m in short and -0.38mm/m in long direction for the
ELTOS ones. The rescaling factors are based on measurements performed on
a sample of pre-production boards, providing a benchmark of the expansion.
At CERN a dedicated dimension measurement is performed based on reading
copper masks on the boards with c-CCD suveyors sitting on precise spheres.
The position of the sphere is known at 10 µm precision. Taking into account
the temperature stability of the granite table and the overall calibration of
the system, an accuracy of 25 µm on the measurement is estimated. On the
other hand, boards are subjected to expansion in the lab depending on the
humidity by up to ±75 µm/m for ±10% humidity change. The acceptance
criteria are different if the precise (short) dimension or the other one (long)
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Figure 5.13: Dimension test, precise (short) size: mean value of the elongation
as a function of the board type (a), distribution of the elongation (b)
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Figure 5.14: Dimension test, less precise (long) size: mean value of the elon-
gation as a function of the board type (a), distribution of the elongation (b)

are considered: for the short direction, an elongation of the board below 100
µm is required, while for the other one the requirement is loosen up to 500 µm.
Figure 5.13 shows the results obtained on the boards accepted so far concern-
ing the precise dimension. On the left plot (a) the observed elongation with
respect to the design dimensions is reported as a function of the board type,
without distinguishing between eta and stereo boards. The asymmetric error
bars represent the minimum and maximum value of the elongation observed.
Acceptance criteria have been set based on the experience and on potential
risks for a safe detector operation. On the right (b) the elongation distribution
is shown. More than 90 % of the boards lie within the ±100 µm interval. The
equivalent plots related to the not-precise coordinate are reported in Fig. 5.14.

5.3.4 Resistivity measurement

The resistivity of the screen-printed pattern has been chosen to balance the
particle rate capability and lower voltage drop at high current with resolution
performance. Each foil goes through a detailed QC at Kobe (Japan), where
they are produced and then shipped to CERN. At the companies, the glueing
of the resistive pattern on the FR4 is performed at very high temperature and
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Figure 5.15: Map of the resistivity: changes in the values with respect to the
QC performed in Japan may due to construction issues

pressure conditions. A change in the resistivity can be due to a problem in the
production: pressing and polishing issues, coverlay not fully cured, mechanical
stress. In collaboration with Tokyo and Wuerzburg colleagues a dedicated tool
has been developed to remeasure the resistivity of the pattern and provide a
direct comparison of the results before and after the glueing for the specific
foil. The test is thus performed once in Japan, during the foil production and
quality control, and once at CERN, after the glueing of the foil on the PCB.
The tool is composed of 99 probes, mounted on acrylic glass template. Probes
are alternatively readout by a multimeter, measuring the resistance. The final
outcome is a resistance map as a function of the position on the board, as
shown in Fig 5.15. The acceptable resistivity ranges from 0.3 to 2.5 MΩ/cm2.
The mean value of the resistance, moreover, cannot increase of more than a
factor 3 with respect to the measurement performed in Japan. Also in this case
an automatic analysis tool suggests the user the decision to take depending on
the results of the tests.

Figure 5.16 shows the results obtained from a board rejected for abnormal
resistivity increase. In the left image a comparison between the pattern resis-
tivity measured in Japan and after gluing on the PCB is reported, showing
an increase of the mean value of the resistivity of more than a factor 3. The
right image shows the resistivity map on the whole surface: a systematic large
value of resistivity on the board, as it is shown in Fig. 5.16 (b) may cause its
rejection.

5.3.5 RO strips capacitance measurement

Copper readout strips are not visible by eye, being hidden below the resistive
pattern and the Kapton® layer. Their integrity is, on the other hand, conditio
sine qua non for the detector operation. Strip cuts will simply create dead
regions in the detector. The strip integrity is evaluated by measuring the
capacitance of the strip with respect to the HV line (the place where the
HV will be supplied in the final and assembled module). The value obtained
depends on the length of the readout strips; if a strip is cut, the expected
capacitance will drop. The tool, built at CERN, is shown is Fig. 5.17a. While
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Figure 5.16: Distribution of the resistivity before and after the glueing of the
resistive foil (a). Bi-dimensional map of the resistivity (b)

a probe of the capacitance meter is kept connected to the HV line, the second
one is coupled to a vertical and horizontal stages and moved by a motor,
allowing to measure each strip separately. An example of strip capacitance as
a function of the strip number is shown in Fig 5.17b. A typical value of about
100-150 pF (depending on the board size) is found for good strips. Few strips
showing lower capacitance can arise from a bad contact of the tip with the
strip. In few cases the measured capacitance is close to zero, due to broken or
cut strips. Less than 3% of the strips should have a low capacitance, taking
into account a 1-2% arising from false positive. It is worth to mention that a
major production issue has been found and investigated thanks to this test;
few details are given in the following. The copper strips, running all along
the board, need to be coated with Silver paste in the region where the front-
end electronic boards will be plugged. This coating is performed immersing
the PCB on a chemical Ag bath, allowing the Ag to deposit according to
a predefined pattern. The chemicals, however, also attack and dissolve the
glue between readout and Kapton® layers as well, leaving some Cu material
uncovered by the silver, (due to the too short time in the Ag bath, since most
of it is taken by the dissolution process) but in contact with the neighbouring
coated surface. This creates a chemical cell, leading in short time to the
dissolution of the copper, resulting in the cut of the strip. The effect is shown
in Fig 5.18. In the first image the interface between the silver coated strips
and the not-coated, but covered with Kapton® is shown. No sign of cut is
visible from this image. A small portion of Kapton® is then removed with a
scalpel: at the interface, where the glue has been attacked by the chemicals,
the copper has dissolved and no connection is present. A large fraction of the
first PCB production was affected by this issue and some problematic boards
have been rejected. The solution was found by doing a very quick first Ag
deposition, about 0.1 µm thick, not long enough to attack the glue, followed
by a longer deposition, but with the shrewdness of protecting the interface
with additional Kapton® tape. In this way the glue is not attacked, no Cu
dissolution takes place with the only contraindication that at the interface the
thickness of Silver is thinner.
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(a)

(b)

Figure 5.17: Strip capacitance tool (a) and example of strip capacitance as a
function of strip number (b)

(a) (b)

Figure 5.18: Interface between Ag and Kapton® coated copper (a). Same
region after removing a small portion of Kapton®: the glue has been attacked
by the chemicals bath, copper has been dissolved and connection is broken
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Figure 5.19: Boards tested as a function of time since April 2017

5.4 Status of PCB QC and delivery

Board deliveries started in April 2017. Since then an optimization of the QC
and production allowed the speed up of the procedures to a rate sufficient to
satisfy the module production requirements of about 40 boards per week. At
the time of writing, end of July 2018, about 1500 boards have been checked,
out of 1600 delivered by the companies. Out of this 1500 boards, about 800
have undergone the final inspection and declared suitable to become part of the
new detector or rejected. The progression is clearly visible in Fig 5.19, which
reports the cumulative number of boards tested as a function of time. So far,
the rejection factor (percentage of boards rejected) is about 30%, but takes
into account several major issues, now solved, that took place in the very first
phase of the production, which lead to a systematic rejection of entire batches
of newly delivered boards. Recent deliveries show a better percentage, close to
90% of acceptance.

Figure 5.20 shows the final grades obtained by the boards grouped in the
different sections as provided by the online form. Four grades are available,
OK if no defects/problems are found, Minor as a warning flag, Bad if major
issues are observed, or Unknown if, for example, the tests in the section are
not even performed due to a major rejection issue in a previous one. As clearly
visible the section causing the highest percentage of rejection is the toplight.
As already mentioned the toplight tests are devoted to spot bumps, damages
of defects on the surface of the boards. Also the dimension test fails quite
often; in this case, however, a red flag does not correspond to a direct board
rejection. All these summary plots are directly available from a dedicated web
page, providing also more insights concerning the quality of the boards QC and
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Figure 5.20: Summary results on PCBs for each single section of the web form
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a detailed picture of past deliveries and logistic. In total 2200 readout boards
are needed to build the two New Small Wheels. The quality control of PCBs
is expected to finish middle of 2019, at a rate of about 40 boards delivered to
the construction sites per week.
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Chapter 6
Search for Dark Matter
produced in association with
top quarks

In the following chapter a search for evidences of physics beyond the Standard
Model is presented. In particular a signature of a Dark Matter candidate
coupled to the Standard Model sector by means of a scalar or pseudoscalar
mediator is investigated. The analysis has been the result of the common
effort of a large group of people, in particular from the Bern group, the CERN
group, and the Pavia group. I personally actively contributed to the analysis
in many aspects, in particular being responsible of the normalization of the
main irreducible background.

6.1 The Model

As already described in the introductory chapter to Dark Matter, Simplified
Models have been introduced in order to overtake the limitations of the Effec-
tive Field Theories (EFT) when the momentum transferred becomes not neg-
ligible with respect to the mass of the heavy particles. They describe a single
exchanged particle, without the need of introducing a complex UV-complete
model as, for example, SUSY inspired models. The Simplified models are also
attractive for the simplicity of accommodating them in the context of the Stan-
dard Model, as, for example, in Higgs extended sectors.
The target of this search is a scalar and pseudoscalar mediated simplified model
having, in its general formulation, 5 parameters [66]. The dark matter particle,
χ is a Dirac fermion, the mediator is called φ if scalar and a if the pseudoscalar
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case is considered. The two Langrangians take respectively, the form:

Lφ = LSM +
1

2
(∂µφ)2 +

1

2
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φφ

2 + iχ̄/∂χ−mχχ̄χ+ gχφχ̄χ−
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2
φf̄f

(6.1)
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1

2
(∂µa)2 +
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2
m2
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2 + iχ̄/∂χ−mχχ̄χ− igχaχ̄γ5χ−
∑
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igν
yf√

2
af̄γ5f

(6.2)

where LSM is the Standard Model Lagrangian, mχ is the mass of the dark
matter particle, the mediator masses are described by ma and mφ. The dark
matter-mediator coupling is parametrized by gχ, being gq the one with the
Standard Model particles. It is assumed that gq is universal for all quarks and
leptons families. The mediator width is chosen to assume the minimal value.
In the analysis a further assumption is made, imposing gχ = gq = g.

The coupling to the SM fermions is severely restricted by precise mea-
surements of the flavour symmetry. In the Minimal Flavour Violation (MVF)
scenario, as described in [29], compatible with the observation, the interaction
between the fermions and the spin 0 mediator is proportional to the mass of the
fermions via a Yukawa coupling, thus enhancing for third generation fermions.
As for the SM Higgs, mediators are more likely to be produced at the LHC via
loop-induced gluon fusion or in association with heavy quarks (top or bottom).
A first channel exploited in the search for scalars and pseudoscalars foresees
high momentum jets in the final state recoiling against missing transverse en-
ergy, both from ATLAS and CMS Collaborations as reported in [67] and in
[68] respectively. CMS addressed Dark Matter production in association with
heavy quarks in a search published in 2017 and described in [69], by using 2.2
fb−1 of data taken at

√
s = 13 TeV. Limits on the model have been obtained

from the combination of the tt̄ and bb̄ search channels. More recently another
analysis has been released by CMS, based on 36.1 fb−1 of data and targeting
Dark Matter production in association with top quarks. More details on the
analysis can be found in [70]. Upper limits on the signal strength are reported
in Fig 6.1, for both scalar and pseudoscalar mediators.

ATLAS has performed, so far, searches focusing on final states characterized
by fully hadronic or dileptonic top quark pair decays targeting supersymmetric
partners of the top quarks as described in Ref. [71, 72]. The channel where
one W decays hadronically and one into leptons, has been exploited in the
context of the search for top squarks [73]. It should be reminded that these
searches have been optimized to maximize the sensitivity with respect to su-
persymmetric scenarios, kinematically different if compared to DM simplified
models.

In this analysis the associate production of tt̄ χχ is investigated, as a func-
tion of the mediator and Dark Matter masses, with both the top quarks de-
caying leptonically. The final state is thus characterized by two leptons, two
b-jets and Emiss

T from both the neutrinos and the Dark Matter particles.
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Figure 6.1: Upper limits at 95% and 68 CL% on the coupling strength of
the mediator to the Standard Model quarks for a scalar (a) and pseudoscalar
mediators (b). Fermionic Dark Matter of 1 GeV and gχ = 1 are assumed

The relevant Feynman diagram at the lowest order is shown in Fig. 6.2.

Figure 6.2: Feynman diagram for tt̄χχ production though an s-channel spin-0
mediator.

The analysis aims to maximize the sensitivity to the model, providing an
interpretation in terms of the dark matter mass (mχ), having fixed the mediator
mass (ma or mφ if pseudoscalar or scalar respectively) at 10 GeVor as a function
of the mediator masses having fixed the dark matter mass to 1 GeV. The signal
process samples have been generated at LO matrix with up to one extra parton,
using the MadGraph v2.2.3 [74]. Parton showering and hadronisation have
been modelized using generator Pythia 8.186 [75] with the A14 [76, 77, 78]
tune. Parton luminosities are provided by the NNPDF30LO PDF set [79].
NLO k-factor have also been evaluated and taken into account to correct the
LO cross sections. A briefly description of Montecarlo event generators (MC)
is given in the next section.
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6.2 Monte Carlo

Event generators interfaced to parton shower algorithm are employed to de-
scribe the background processes and to simulate the beyond Standard Model
signal. A exhaustive dissertation on Monte Carlo tools available and the state
of the art can be found at Ref. [80]. Here below a short description of the
most relevant Monte Carlo event generators used in this analysis is provided.

• MadGraph5 aMC@NLO is a framework simulating process at LO ac-
curacy for any user-defined Lagrangian, and at NLO for QCD and EW
corrections to SM processes. It also provides the possibility of computing
cross sections, generating hard events and matching with event genera-
tors [74].

• Sherpa [81] is a Matrix Element event generator interfaced with a parton
shower. Several types of collisions are supported, such as lepton-lepton,
lepton–photon, photon-photon, and of course, proton-proton.

• POWHEG [82, 83, 84] provides calculations at NLO accuracy. It can
be interfaced to all Monte Carlo shower programs supporting the Les
Houches Interface.

6.3 Data samples

Data used in this analysis has been collected in 2015 (from June to November)
for a total integrated luminosity of 3.2 fb−1 and in 2016, from April to October
for other 32.9 fb−1. In total the available data corresponds to 36.1 fb−1. Only
datasets with the detector fully operating are taken into account in the analysis.
Both data and MC simulations have been processed by the same reconstruction
algorithm briefly described in the following section.

6.4 Background processes

All the Standard Model processes containing 2 leptons and jets in the final state
are considered as background. Out of these, in particular, tt̄ is expected to
have larger contribution (reducible background), followed by the tt̄Z, with the
Z boson decaying into two neutrinos, which is, on the other hand, an irreducible
background. Other processes include diboson (WZ and ZZ), tt̄W/Z/γ∗, tt̄h,
tt̄W/Z/γ∗. In Table 6.1 the background process simulated, with the details
of the event generator used, the parton shower, the PDF and tune used, in
agreement with the ATLAS recommendations, are reported.

MC samples are then processed through the ATLAS Geant4 simulation, to
describe the detector response. Concerning the tt̄t process, a parametrization
of the calorimeter response is also used [98]. Additional proton proton collisions
are added both on-time and out-of-time (if belonging to the same bunch or a
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Table 6.1: Simulated signal and background event samples: the corre-
sponding generator, parton shower, cross-section normalisation, PDF set and
underlying-event tune are shown.

Physics process Generator Parton shower Cross-section PDF set Tune
normalisation

Z/γ∗(→ ``) + jets Sherpa 2.2.1 [81] Sherpa 2.2.1 NNLO [85] NLO CT10 [86] Sherpa default

tt̄ powheg-box v2 [82] Pythia 6.428 [87] NNLO+NNLL [88, 89, 90, 91, 92, 93] NLO CT10 Perugia2012 [94]
Wt powheg-box v2 Pythia 6.428 NNLO+NNLL [95] NLO CT10 Perugia2012

tt̄W/Z/γ∗ MadGraph5 aMC@NLO 2.2.2 Pythia 8.186 NLO [74] NNPDF2.3LO A14
Diboson Sherpa 2.2.1 Sherpa 2.2.1 Generator NLO NLO CT10 Sherpa default

tt̄h MadGraph5 aMC@NLO 2.2.2 Herwig 2.7.1 [96] NLO [97] CTEQ6L1 A14
Wh, Zh MadGraph5 aMC@NLO 2.2.2 Pythia 8.186 NLO [97] NNPDF2.3LO A14
tt̄WW , tt̄tt̄ MadGraph5 aMC@NLO 2.2.2 Pythia 8.186 NLO [74] NNPDF2.3LO A14
tZ, tWZ, tt̄t MadGraph5 aMC@NLO 2.2.2 Pythia 8.186 LO NNPDF2.3LO A14
Triboson Sherpa 2.2.1 Sherpa 2.2.1 Generator LO, NLO CT10 Sherpa default

nearby one respectively). MC events are also reweighed so that the distribution
of the average number of proton proton collisions per bunch crossing matches
the data.

6.5 Event reconstruction

The ATLAS sub-detectors, described in the second chapter of the thesis, pro-
vide information concerning the particles as electric signals. These need to
be interpreted and converted into meaningful physical objects usable by the
analysis teams. This procedure is called reconstruction, and it should take
into account all the detector peculiarities and performance. In this section, in
particular, some details concerning the reconstruction of leptons (electrons and
muons), jets (and b-jets) and missing transverse energy, used in the analysis,
will be given.

6.5.1 Leptons

Muons

Muons are reconstructed independently in the Inner Detector and in the Muon
Spectrometer. In the Muon spectrometer a hit pattern is searched in the MDT
detectors in the bending plane by means of a Hough Transform. RPCs and
TGCs contribute to the estimation of the perpendicular coordinate. Tracks are
then built fitting together the hits reconstructed in the different detectors lay-
ers. The fitting procedure is based on a χ2 minimization: hits providing large
contributions are removed from the fit. Four types of muons are considered,
depending on which detector is used in the reconstruction:

• Combined (CB) muons. Muons are reconstructed combining informa-
tion from both the Inner and Muon spectrometer (MS). A global fit is
performed using all the hits. Muons are usually recostructed with an
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outside-in pattern recognition, where candidates are first reconstructed
in the MS and then combined to Inner detector tracks.

• Segment-tagged (ST) muons. In this case Inner detector tracks are
matched to one segment in the MS when extrapolated. This allows the
reconstruction of muons at low pT or passing through regions at low
acceptance.

• Calorimeter-tagged (CT) muons. Inner detector tracks can be matched
to energy deposit in the calorimeter, compatible with a MIP. This tech-
nique allows the rescuing of muons in the region at |η| < 0.1 with a
momentum ranging between 15 and 100 GeV.

• Extrapolated (ME) muons. Muon tracks are reconstructed only in the
MS. It is useful to extend the acceptance where the ID is not present
(2.5 < |η| < 2.7).

Different muons reconstructions are adopted to satisfy the needs of different
physics analyses:

• Medium muons: CB and ME tracks are considered, with supplementary
requirements on the number of MDT/CSC hit multiplicities. Compat-
ibility between the momentum reconstructed in the Inner and Muon
detectors is also required to reject background.

• Loose muons: it extends the Medium selection including also CT and ST
muons in the |η| < 0.1 region.

• Tight muons: it is designed to improve the muon quality, sacrificing the
efficiency. It requires Medium muons with tight conditions on the quality
of the combined fit to ensure stronger background rejection.

• High pT muons: it is a selection designed for tracks with transverse mo-
mentum above 100 GeV and it requires at least three MS stations, leading
to a reconstruction efficiency reduction of about 20%.

The muon reconstruction efficiency is measured as a function of η for different
selection requirements with a tag and probe method using Z → µµ events:
a first muon is identified using tight criteria, the second is reconstructed by
means of an orthogonal method and its invariant mass combined with the first
electron should match the Z mass. Reconstruction efficiency can therefore be
calculated for the second muon. As example the reconstruction muon efficiency
for Medium muons is shown as a function of η for both data and MC in Fig. 6.3.
Bottom plot shows the ratio of the measured efficiencies to the ones predicted
through MC simulations.

Another powerful tool to improve the background rejection is the detector
activity around the muon candidate, known as isolation. Two variables have
been defined to assess the isolation, the track-based isolation variable, pvarcone30

T
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Figure 6.3: Reconstruction muon efficiency for Medium muons as a function
of η

and the calorimeter-based isolation variable Etopocone20
T . The first is defined as

scalar sum of the transverse momenta of the tracks with pT >1 GeV in a cone
of size ∆R = min(10 GeV/pµT , 0.3), while the second is defined as the sum
of the transverse energy of topological clusters in a cone of size ∆R = 0.2
around the muon candidate. Seven working points are defined based on the
ratio between the isolation variables and the muon momentum. Further details
can be found in [99].

Electrons

Electrons reconstruction in the barrel region is based on the combination of
information from both the Inner detector and the EM calorimeter. To recon-
struct the EM energy in the calorimeter, a sliding window algorithm is applied,
across the calorimeter towers, looking for total cluster transverse energy de-
posits above 2.5 GeV. For each EM seed a Region of Interest (RoI) is opened
around the seed barycentre. The track in the Inner detector is obtained by
means of a pattern recognition algorithm, based on a Kalman filter-smoother
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(a) (b)

Figure 6.4: Electron reconstruction efficiency and background rejection as
studied on Z → ee events

formalism. Tracks are then combined with EM seed information. The initial
electron candidates are likely to contain background objects such as hadronic
jets or converted photons, requiring further identification algorithms (ID). The
ID algorithms take profit of various quantities related to the electron clusters
and track measurements such as calorimeter shower shapes, track properties,
and variables measuring radiative effects. The main algorithm is the likelihood
based (LH) method, based on the simultaneous evaluation of several proper-
ties of the electron candidates. Three levels of identification operating points
are provided for electrons. These are Loose, Medium, and Tight and they are
based on the use of different set of variables. The electron reconstruction effi-
ciency and background rejection are studied on Z → ee events, for the three
different selections and are shown in Fig 6.4.

As for muons, isolation information is also useful for improving background
rejection, in particular discriminating the prompt electrons (such as coming
from heavy resonance decays) from non-isolated electron candidates for exam-
ple originating from converted photons produced in hadron decays, or elec-
trons from heavy flavour hadron decays, or hadrons mis-identified as electrons.
As in the muon case, two variables based on the calorimeter activity around
electron candidate energy cluster and on the transverse momentum in a cone
∆R = min(10 GeV/peT , 0.2) around the electron track are considered. The
same identification working point already mention for muons are defined for
electrons. More insight can be found at Ref. [100]

Leptons selection

The analysis described in this write-up relies on both electrons and muons.
In both cases two categories of objects have been considered, with different
isolation and selection requirements, baseline and signal. Baseline leptons are
required to satisfy the Loose requirement, having ET > 7 GeV and |η| <
2.47. Signal leptons, on the other hand, need to pass the Medium selection
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requirement, have ET > 20 GeV, pass the GradientLoose isolation working
point.

6.5.2 Jets

Jet reconstruction

Partons produced in the interaction undergo an hadronization process, gener-
ating collimated jets approximately in the direction of the original parton. Jets
may develop complex structures: their reconstruction is of crucial importance
to reconstruct the original physical properties of the parton originated in the
hard process. The baseline algorithm used in ATLAS is the so called anti-Kt
algorithm [101]. It uses topological clusters based on energy deposition in the
calorimeter as input, defining their respective distances dij and their distances
with respect to the beam axis (diB) as follows:

dij = min(k2p
T i, k

2p
Tj)

∆2
ij

R2
(6.3)

diB = k2p
T i, (6.4)

where ∆2
ij = (yi − yj)2 + (φi − φj)2 being kti, yi and φi respectively the trans-

verse momentum, rapidity and azimuth of particle i. p and R are intrinsic
parameters of the algorithm. In the anti-Kt algorithm p = −1 and R, the
radius parameter, is by default equal to 0.4. The clusterization algorithm se-
quentially finds the smallest quantity between dij and diB. If it is the first,
objects are merged in a single entity, if it is the second the object i is considered
as a jet and removed from the list of entities. The jet energy reconstructed
needs to be corrected for several detector effects, such as calorimeter non com-
pensation, detector imperfection, contribution from pile-up [102] events, which
accounts for additional proton-proton collisions (both in-time and out-time).
In particular the energy from pileup interactions is typically subtracted from
the signal interaction of interest by means of two variables, combining infor-
mation from both the calorimeters and the Inner detector [103]. The first is
the jet-vertex-fraction (corrJVF), defined as the sum of the scalar transverse
momentum of the tracks that are associated with the jet and originating from
the hard-scatter vertex, divided by the scalar sum of the transverse momentum
of all associated tracks and taking into account the momentum of the tracks
originating from pile-up interactions. The second one, RpT is defined as the
scalar transverse momentum sum of the tracks that are associated with the jet
and originate from the hard-scatter vertex divided by the fully calibrated jet
momentum. A discriminant called the jet-vertex-tagger (JVT) is constructed
using the two mentioned variables as a 2-dimensional likelihood. Without
entering into details, Figure 6.5 shows the distributions of the corrJVF and
Rpt for Hard Scatter jest (HS) and Pile-up jets (PU) for jest with momentum
ranging from 20 to 30 GeV.
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(a) (b)

Figure 6.5: corrJVF (a) and Rpt (b) distributions for Hard Scatter jest (HS)
and Pile-up jets (PU) for jest with 20 < pT < 30 GeV

Finally, the jet energy and direction are corrected by terms derived from
the comparison of kinematic observables of reconstructed jets and truth jets as
obtained in MC simulations. Systematic uncertainties on the Jet Energy Scale
calibration are also derived and used in the analysis. A detailed description of
the procedure can be found at Ref. [104] and [105].

b-tagged jets

The possibility to identify jets produced by the hadronisation of a bottom
quark, is a crucial aspect of many analyses. It is based on the long lifetime
of hadrons containing bottom quarks, leading to displaced vertexes with re-
spect to the hard-scatter interaction point. b-tagging algorithms take profit of
trajectories reconstructed in the Inner detector, and they follow three differ-
ent strategies: impact parameter based algorithms, secondary vertex finding
algorithm (SV) and decay chain multi-vertex algorithm (JetFitter). Impact
parameter based algorithms use the information of the transverse impact pa-
rameter (d0), which is the distance in the r − φ plane of the track to the
primary vertex and the longitudinal impact parameter (z0 sin θ) to distinguish
b-hadrons decay products due to their large values. A log-likelihood-ratio
(LLR) discriminant is built for b-jets, c-jets and light jets separations.
The vertex based algorithm explicitly reconstructs inclusive secondary ver-
texes, while the JetFitter algorithm tries to reconstruct the full b-hadron de-
cay. A combination of the output of the above mentioned algorithm is used
as input parameter for a Boosted Decision Tree algorithm (BDT). Different
training samples have been used varying the percentage of the c-jet fraction in
the training. The MV2c10 algorithm, suggested for ATLAS analyses, for ex-
ample, uses a 7% c-jet fraction in the training. Different working points can be
defined cutting on the MV2 output, leading to different rejection performance
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Figure 6.6: BDT MV2c10 output for b-jets, c-jets and light flavour jets

of light and c-jets. The distribution of the MV2c10 BDT output for b-jets,
c-jets and light-flavour jets is reported in Fig 6.6. More details are given in
Ref. [106].

Jet selection

Jets in the analysis have been reconstructed using the already described anti-
kt algorithm, with the default choice of R = 0.4. Jets have been considered
if having at least pT > 20 GeV and lying within |η| < 2.5. To reduce pile-
up contributions jets with JVT< 0.59 are rejected if having pT < 60 GeV.
Concerning b-jets, the MV2c10 tagging algorithm has been used, at the 77%
working point.

6.5.3 Transverse missing energy

Interesting events at LHC involve hard scattering of partons with high momen-
tum transfer. These events are energy balanced in the transverse plane, but
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not along the beam axis. An imbalance in the vector sum of visible transverse
momenta is known as missing transverse momentum pTmiss , with magnitude
Emiss

T . A large amount of missing transverse momentum may indicate the
presence of particles escaping the detector, such as weakly interacting parti-
cles (neutrinos in the SM) or, if Beyond Standard Model (BSM) models are
considered, possible unseen new particles. Emiss

T is reconstructed starting from
calibrated objects as follows:

Emiss
x(y) = Emiss

x(y) + Emiss,e
x(y) + Emiss,γ

x(y) + Emiss,τ
x(y) + Emiss,jets

x(y) + Emiss,µ
x(y) + Emiss,soft

x(y) ,

(6.5)
where each term is the negative sum of the momenta for the respective cali-
brated objects. The last term of the sum includes transverse energy deposit
not associated with any reconstructed object. Several algorithms have been
developed to estimate this contribution, influencing performance and Emiss

T

uncertainty. More details are given in Ref. [107].

6.6 Analysis strategy

The strategy adopted in this analysis is here summarized:

• A region in the phase-space is defined, enriched in signal (signal region).
The selection optimization is performed only relying on the Monte Carlo
simulations and aims to provide the best sensitivity possible. The results
and final interpretation on the signal models will be provided from this
region

• Background contributions in the signal regions are estimated via Monte
Carlo simulations. For most relevant processes (tt̄ and tt̄Z) a data driven
approach has been used, defining dedicated selections (control regions)
enriched in the background process without strong contamination of sig-
nal. These regions need to be kinetically close to signal region, but
orthogonal to it. In the control regions the background normalization is
derived and then reported to the signal region.

• The background normalization obtained from control regions is tested
on validation regions: also in this case the orthogonality with the signal
region needs to be granted.

• Finally a simultaneous fit of both the signal and background enriched
regions is performed and an hypothesis test is performed on the signal
strength. If no excess is found exclusion limits on the signal models are
derived.
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6.7 Event selection

The analysis focuses on a final state including two leptons, two b-jets and
Emiss

T . The initial phase of the analysis is a preselection stage selecting events
with the final state topology. The kinematic cuts applied are the following:

• Events with at least 2 tracks associated to the primary vertex are con-
sidered

• Exactly two signal leptons. They could be same flavour (SF) or different
flavour (DF), but they are required to have opposite charge

• The invariant mass between the two leptons (m``) is required to be
greater than 20 GeV and, in case of two SF leptons, not lying within
20 GeV from the Z mass peak. This last choice has been made to sup-
press backgrounds containing Z bosons.

• The transverse momentum of the leading lepton is required to be greater
than 25 GeV. The sub-leading lepton is required, moreover, to have a pT
greater than 20 GeV.

In Figure 6.7 a comparison between data and MC simulations is reported
for two of the most relevant observables, m`` and Emiss

T for three distinct cases:
when the two leptons are of opposite flavour, when both are electrons, and
when both are muons.

The agreement between data and MC expectation is good. The most rel-
evant contributions to be background come from dibosons, Z+jets, tt̄ and Wt
productions. These processes are reducible backgrounds; in order to discrimi-
nate between background and signal kinematic variables have been exploited,
as described in the following. The remaining relevant background process is
tt̄Z with Z boson decaying into neutrinos. In this case the event topology is
exactly as the target signal and the background process is irreducible. For each
observable described below, the comparison between data and MC is provided,
with two additional requirements on the events:

• One jet is required to be b-tagged

• The variable mT2, defined in the following, is required to be greater than
100 GeV.

Transverse mass (mT) The transverse mass is calculated as

mT =
√

2|pT,1||pT,2|(1− cos(∆φ)),

where ∆φ is the angle between the particles with transverse momenta pT,1 and
pT,2 in the transverse plane.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.7: Distribution of m`` and Emiss
T variables after preselection consid-

ering two opposite flavour leptons (a and b), two electrons (c and d) and two
muons (e and f)
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Stranverse mass (mT2) The mT2 [108, 109] is an extension of the mT

variable when more than one particle in the final state is not seen by the
detector. It is defined as follows:

mT2(pT,1,pT,2,qT) = min
qT,1+qT,2=qT

{max[ mT(pT,1,qT,1),mT(pT,2,qT,2) ]} ,

where pT,1 and pT,2 are the transverse momenta of two observed objects, cho-
sen depending on the characteristic of the event to be reconstructed. The
minimization is operated on all the possible decompositions of qT,1 and qT,2

satisfying the condition qT,1 +qT,2 = qT, being qT = pTmiss . In case of a WW
dileptonic decay, and considering the two leptons as the observed objects, and
the Emiss

T only produced by the two neutrinos from the W decays, the mT2 vari-
able is bounded from above at the W boson mass. In case some supplementary
missing energy is present in the event, tails at higher mT2 are expected. The
mT2 distribution for both data and background is shown in Fig. 6.8.

Figure 6.8: Stranverse mass (mT2) distribution

p``Tb The p``Tb is defined as the opposite of the vector sum of all the transverse
hadronic activity in the event.

∆φb It is the azimuthal angle between Pmiss
T and p``Tb. This variable is pow-

erful to reject events in which the missing transverse momentum is aligned
with the direction of jets, most probably due to a jet mismeasurement. ∆φb
distribution is shown in Fig. 6.9.
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Figure 6.9: ∆φb distribution

∆φmin This variable is the smallest azimuthal angle between Pmiss
T and the

transverse momentum of a jet having at least a pT > 25 GeV. As in the
previous angular variable, also in this case it is useful to reject events with badly
reconstructed Emiss

T . ∆φmin distribution, for both data and MC background
processes, is reported in Fig. 6.10.

Figure 6.10: ∆φmin distribution

min mb` This variable is defined as the minimum invariant mass calculated
between the leading b-jet and each of the two leptons. If the event topology in-
cludes top quarks decaying leptonically, as the targeted signature, this variable
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is bounded from above at about 150 GeV. min mb` distribution is reported in
Fig. 6.11.

Figure 6.11: min mb` distribution

cem It is a linear combination of mT2 and Emiss
T , defined as follows:

cem = mT2 + 0.2Emiss
T

This variable is the most relevant for the rejection of the main background
process (tt̄), while preserving a good fraction of the signal. The correlation
between the mT2 and Emiss

T can be seen in Fig. 6.12. In the plot (a) the
bidimensional correlation in the case of the top background is reported, while
on Figure (b) the case of a pseudoscalar signal (mass of the mediator equal
to 100 GeV) is shown. The plots have been made after a preselection on the
event as described previously and requiring one b-tag jet having a pT of at least
30 GeV. cem distribution for data and MC background processes is reported
in Fig. 6.13.

6.8 Signal region definition

As it was already mentioned, the final state investigated involves two leptons,
2 b-tagged jets, and a considerable amount of Emiss

T coming from SM neutrinos,
and, possibly, dark matter particles. The first group of background processes
goes under the category of the reducible backgrounds: those are Z+jets and
dibosons, with moderate hadronic activity, tt̄ and Wt production. In all these
cases the Emiss

T of the event comes from W decays, and therefore is kinetically
bounded, or from a mismeasurement of jets, which could be reduced by means
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Figure 6.12: The cem variable to reject the tt̄ background: a linear combination
of Emiss

T and mT2 allows to discard most of the background (a) while preserving
the signal (b)

Figure 6.13: cem distribution

of the angular observables. For backgrounds including W s, the natural variable
to be considered is the mT2. As already observed this observable has a sharp
bound for this type of processes at around 80 GeV. A cut at mT2 > 100GeV
would reduce considerably their contribution. On the other hand, target signal
includes two top quarks, hence a selection on the min mb` variable is recom-
mended to reduce the non-top background processes. A limit on min mb` of
170 GeV has been considered. As already observed, reducible background not
including W decays should show, at high mT2, a strong correlation between the
direction of Emiss

T and the hadronic activity. This can be seen looking at Fig.
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Figure 6.14: Distribution of ∆φb as a function of min mb` for Z+jets, and
Pseudoscalar signal with mediator mass set at 100 GeV.

6.14 where the ∆φb variable is reported as a function of min mb` for both the
signal (pseudoscalar with mediator mass equals to 100 GeV) and the Z+jets
background. A selection on the ∆φb to be smaller than 0.8, as shown in the
figures, allows to efficiently reject the Z background, without almost affecting
the signal.

To target the signal, and to improve the discrimination of the tt̄ background
a further requirement on the cem observable is required as already pointed out
in Fig. 6.12. Events with cem > 170 GeV are considered. In Table 6.2 a list of
the selection operated for the signal region definition is report.

The adopted selection is found to have a good discrimination power on a
wide range of masses of both scalar and pseudoscalar.
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Var/Region SR
nlep 2
pT lep 1, 2 > 25, 20 m`` DF > 20
m`` SF [20, 71] or > 111 GeV
mT2 [GeV] >100
cEM [GeV] >170
min mb` [GeV] <170
∆φb <0.8
nb−jets (pT >30 GeV) ≥ 1

Table 6.2: SR definition criteria.

6.9 Background estimation

In this section more details concerning the main background processes estima-
tion are given, starting from the irreducible background, the tt̄Z process, and
then the tt̄. Two dedicated control regions have been defined to normalized
the background to data. All the other minor processes are estimated via MC.
The estimation of the contribution from fake and non prompt leptons is also
briefly described.

6.9.1 tt̄Z background estimation

The tt̄Z process, with the Z boson decaying into neutrinos, invisible to the
detectors, is expected to be the dominant background contribution to the SR,
since it has the same final state as the signal, with a very similar event topology.
One possible approach to the estimation of this background is to consider the
tt̄Z process with four leptons in the final state, assuming, in this way, the
decay of the Z boson into two visible leptons. Due to the very low branching
fraction, with the available statistic, only a handful of events of this type is
produced, and this type of channel cannot be used for the estimation. The
second approach foresees to consider the tt̄Z process with three leptons in the
final state, considering, in this way, the leptonic decay of the Z boson, one W
decaying leptonically and one W decaying into hadrons. The difficulty, in this
case, is that the event topology is not as the one targeted by the SR, and it is
not possible to fully mimic the observables used for the signal region definition.
The strategy can be summarized as follows:

• Define a pure selection of tt̄Z → 3l events mimicking, when possible, the
preselection used for the 2 leptons analysis and estimate by means of MC
and data driven techniques the background processes

• Define, starting from the 3 leptons selection a dedicated control region
populated by events that, at parton level, with undecayded tt̄ and Z
boson would kinematically populate also the 2 leptons SR. This aspect
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is of extreme importance: the predictive power of the CR is based on its
superposition with the 2 leptons SR

• The number of expected and observed events in the CR are used in the
background fitting procedure

Selection of tt̄Z with 3 leptons final state

The selection used in the three leptons selection is summarized in Table 6.3.
Exactly three leptons are required, with at least a couple being of the same
flavour, but opposite sign, to be compatible with the Z decay. The same
requirement on the lepton momenta is applied: 25 GeV for the leading and
20 GeV for the other two. The event is accepted if two OS-SF (opposite sign,
same flavour) leptons are found to be compatible with Z boson decay. The
invariant masses of all the OS-SF pairs in the event are calculated and the
event is accepted if at least in one case it lies within 20 GeV from the Z boson
mass peak. If more than one couple satisfy the condition, the closest to the Z
peak is considered.

tt̄Z sample selection
Nlep 3

at least 1 OS-SF pair
pT (`1) >25 GeV
pT (`2, `3) >20 GeV
Leptonic Z decay 81 GeV<m`` <101 GeV
nb−jets > 1 and njets > 2

== 1 and njets > 3
mbl < 170 GeV

Table 6.3: Definition criteria for 3` CR

The selection has itself a SM background, consisting of all process with
three leptons and jet activity. A requirement of having at least 3 jets, one
of which b-tagged is added. Among all the configurations allowed by this
requirement, the one having exactly 3 jets one of which b-tagged is vetoed, due
to the large contribution from diboson processes. At last, a further selection on
the minimum invariant mass calculated from the remaining lepton (not coming
from the Z decay) and all the b-tag jets is added, to be lower than 170 GeV.
This selection is justified by the fact that a top quark has decayed into a W
boson and a b-quark.

CR definition

As already remarked in the general strategy, the main difficulty in this back-
ground estimation is that the event topology in the 3 leptons case is different
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Figure 6.15: Graphical representation of the ttZ → νν background estimation
strategy. The 2-lepton signal region is populated by events having high mT2,
built by using the 4 neutrinos and the 2 leptons from the W decays. A CR is
defined in the 3-lepton sample to mimic as much as possible the SR. A mT2-like
variable has been defined in the 3 leptons sample, taking the two leptons from
the Z decay, adding them to Emiss

T and calculating the mT between Emcorr
T and

the remaining lepton.

with respect to the one targeted in the SR and it is impossible to define vari-
ables exactly mimicking the ones used in the 2 leptons case. The main discrim-
inant variable was the mT2, made with the 2 leptons and the Emiss

T from, at
least in the SM case, four neutrinos. The first step to imitate mT2 has been to
add the two leptons reconstructed as decaying from the Z boson to the Emiss

T ,
creating the so-called Emcorr

T . At this point the nearest variable to the mT2 is
the mT variable built using the remaining lepton and the Emcorr

T .

The strategy is shown in Fig. 6.15. The ccorrem observables, nearest approxi-
mation to the cem variable achievable with a 3 leptons sample, can be therefore
defined as: ccorrem = mcorr

T + 0.2Emcorr
T . The CR has been defined requiring ccorrem

to be greater than 120 GeV and Emcorr
T greater than 80 GeV.

Plots showing the Data/Monte Carlo comparison in the thus defined CR
are shown in Figure 6.16.

CR-SR overal estimation

The success of the 3 leptons approach is based on the overlap between the CR
and SR. In other words how the 3 leptons selection is kinematically close to
the SR and how many of those events, with undecayed tt̄ would populate the
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Figure 6.16: Distribution of some key variables in the tt̄Z CR. The band
represents the total statistical uncertainty.

SR as well. To perform this evaluation tt̄Z → νν MC events at parton level
have been used. The usual Emiss

T , mT2 and cem have been computed by using
the information from the neutrinos. cem distribution is shown in Fig. 6.17 in
blue. Using the same sample the Emcorr

T and ccorrem are calculated and a cut of
120 GeV(as in the CR) is applied. The cem variable is then recalculated for the
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event passing the selection and it is shown in the same figure (red line). The
high cem region is completely included in the CR, and around 30% of the CR
has a cem higher than 120 GeV. If an additional cut on the Emcorr

T is added,
this percentage increases up to 40%. This overlap between the two regions has
been considered to be satisfactory and enough to estimate the tt̄Z background
by means of a 3-lepton CR.
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Figure 6.17: Distribution of the cem obtained from ttZ → νν truth sample,
without cuts (blue line) after the cut on ccorrem (red line), and on ccorrem + Emcorr

T

(pink line) described in the text.

6.9.2 tt̄ background estimation

A second CR has been defined to normalize the tt̄ process. In this case the
same selection operated in the SR has been used with the exception of the cem
cut, which has been inverted in order to guarantee the orthogonality with the
signal region. Summary of the selection is given in Table 6.4.

The most relevant discriminating variables are shown in Fig. 6.18,6.19 and
6.20. A good agreement is visible.

Validation of tt̄ the background estimation

A validation region has been developed to check the tt̄ background estimated
in the CR. As for the CR, validation regions (VR) need to be kinetically close
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6.9. Background estimation

Var/Region CRT
mT2 [GeV] >100
cEM [GeV] <150
min mb` [GeV] <170
∆φb <0.8
Num. B−tagged jets ≥ 1

Table 6.4: Definition criteria of CRT.

Figure 6.18: pT distribution of leading lepton and jet respectively

Figure 6.19: ∆φb distribution (left) and min mb` (right) in events passing the
CRT requirements.

to the SR. The exact selection operated is reported in Table 6.5. The orthog-
onality with the SR is guaranteed by the ∆φb selection. The distributions of
the most relevant variables (cEM and Emiss

T ) are shown in Fig. 6.21.
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Figure 6.20: mT2 distribution (left), and Emiss
T (right) in events passing the

CRT requirements.

Var/Region VRB
mT2 [GeV] >100
cEM [GeV] >150
min mb` [GeV] <170
∆φb >1.5
Num. B−tagged jets ≥ 1

Table 6.5: Definition criteria of the analysis VR.

Figure 6.21: Emiss
T distribution (left) and cEM (right) in events passing the VR

requirements.

6.9.3 Fake and non prompt leptons

A not-negligible background processes contributing to the SR comes from
semileptonic tt̄ decay and W+jets where one lepton is prompt and the other
one is misidentified. The procedure to estimate such background sources, fol-
lows a data driven technique called matrix method [110]. It is based on the
event count in the signal region considering different leptons selection criteria.
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6.10. Results

In our case the two selection criteria considered are the tight and loose. The
number of events passing the tight and loose selection criteria can be expressed
as:

N loose = N loose
real +N loose

fake (6.6)

N tight = rN loose
real + fN loose

fake (6.7)

where r and f are the fractions of events in the loose selection to pass the tight
one as well. If r and f are obtained it is possible to estimated the number of
fake leptons simply inverting the previous equations. This is done measuring
those parameters in control samples enriched in either prompt or non-prompt
leptons. More insights on the method are described in Ref. [111].

6.10 Results

In this section, before moving to the results of the anlaysis, a brief description
of the mathematical approach to the interpretation of the results is given. For
a more complete discussion on the topic refer to Ref. [112].

6.10.1 Statistical interpretation of the results

As already mentioned in the previous section, CRs and VRs are used to con-
strain the MC background estimation to the data in order to use this infor-
mation in the signal region. Mathematically the result of the analysis is based
on a statistic test on a likelihood function, defined as product of the Poisson
distributions of the event counts in the CRs and SRs and of any additional
distribution representing, for example, systematic uncertainties, as follows:

L = (n, θ0|µsig, b, θ) = PSR ∗ PCR ∗ Csyst = (6.8)

= P(ns λs(µsig, b, θ))×
∏
i∈CRs

P(ni λi(µsig, b, θ))× Csyst(θ0, θ), (6.9)

where P represents the Poisson measurement of ni and ns events in the CRs
and SRs respectively. The expectation values λs and λi are function of the
background process estimations, including the normalization (transfer factor)
obtained with a background only fit in the CRs and also of the signal strength
µsig. If µsig is equal to 0, the signal component is not considered. Csyst is the
product of the probability corresponding to the systematic uncertainties rising
from the detector simulation and event generation. Those additional contri-
butions are usually Gaussian, except in the case of the statistical uncertainty,
which is treated as Poisson distribution.
In a search for new physics, the null hypothesis, including only the SM back-
ground, is tested against the H1 hypothesis, which includes both background
and the signal characterized by a signal strength (µs). A profile log ratio is
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6. Search for Dark Matter produced in association with top quarks

then considered, defined as the following:

qµsig = −2log

(
L(µsig,

ˆ̂
θ)

L(µ̂sig, θ̂)

)
, (6.10)

where µ̂sig and θ̂ maximize the likelihood function and
ˆ̂
θ maximizes the like-

lihood function for a specific value of µ. The p − value can be calculated
considering the probability density distribution of the test statistic. Usually
data are considered incompatible with the null hypothesis (µ = 0) if

p0 < 2.87 · 10−7 (6.11)

which corresponds to the 5σ limit needed to claim a discovery. Technically, all
the minimization steps are performed by the statical framework HistFitter
[113].

6.10.2 Systematic uncertainties

Experimental and theoretical uncertainties are taken into account in the anal-
ysis as systematics. The experimental uncertainties are estimated by means of
calibrations of leptons, muons, jets, Emiss

T and soft terms. The detector related
most relevant are the jet energy scale and resolution, derived depending on the
jet flavour composition and pile-up, as a function of η and pT as described in
Ref. [105]. Since the signal region largely relies on a Emiss

T selection, the related
uncertainty is expected to have a not-negligible contribution. It is estimated
by propagating the uncertainties related to energy and momentum reconstruc-
tion of leptons, muons, and jets as described in Ref. [107].
Concerning the theoretical uncertainties, the tt̄ process has been estimated
by varying the initial and final state radiation, and the renormalisation and
factorisation scale as described in Ref. [114]. Different generators and parton
shower predictions have been also considered to account for related uncer-
tainties. Finally an additional uncertainty is considered in the fake lepton
estimation, deriving from the potentially different composition of the SR with
respect to the CR used to background estimation. For the SR an overall sys-
tematic uncertainty of 28% has been estimated, mainly dominated (18%) from
the MC statical uncertainty, followed by Emiss

T and theoretical tt̄ uncertainties.

6.10.3 Fit results

The fit of the two CRs to estimated tt̄ and tt̄Z processes provided the following
normalization factors, with all systematic uncertainties included:

µtt̄ = 1.17± 0.08

µtt̄Z = 0.79± 0.19
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6.10. Results

The observed events in the data and the expected background rate in the
SR after the background fit are shown in Table 6.6. The background estimation
is compatible with the observed data and limits are derived both on the model
and on a generic BSM signal. Figure 6.22 shows the most relevant distribution
for the SR, after the background fit.

SR

Observed events 18

Fitted bkg events 15.17± 4.26

tt̄ events 4.48± 2.54
tt̄+ Z events 4.40± 1.85

Wt events 0.33+0.53
−0.33

Z/γ∗+ jets events 0.28± 0.12
VV events 0.61± 0.25
tt̄+W events 1.56± 0.36
Fake and non prompt events 2.65± 1.32
Others events 0.85± 0.45

Table 6.6: Background fit results for the SR for an integrated luminosity of
36.1 fb−1. Combined statistical and systematic uncertainties are shown. Un-
certainties on the predicted background event yields are quoted as symmetric
except where the negative error reaches down to zero predicted events, in which
case the negative error is truncated.

Figure 6.22: Distribution of cem (left), ∆φb ( right) for events passing all the
SR selections except the variable shown itself.

The model independent limits are obtained at the 95% CL, considering
the product σ × ε × A, where σ is the non-SM cross section, ε the selection
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Figure 6.23: Model dependent limit for the scalar mediator models as a func-
tion of the mediator mass and with a fixed DM mass of 1 GeV. All systematic
uncertainties and NLO k-factors are included.

efficiency, and A the acceptance of kinematic cuts. Limits obtained are shown
in Table 6.7.

Table 6.7: Left to right: the visible cross-section upper limit, 95% CL observed
and expected upper limits on the number of non-SM events (S95

exp.(obs.)) and the
p-value of the background only hypothesis. Numbers are calculated using toy
MC pseudo-experiments.

Signal Region 〈εσ〉95
obs. [fb] S95

obs. S95
exp. p(s = 0)

SR 0.44 15.9 13.1+5.3
−1.8 0.33

Considering, on the other hand, the simplified dark matter model targeted
by the analysis, limits have been provided as a function of the mediator mass
ma and mφ for a 1GeV dark matter particle and are shown in Fig. 6.23 and
6.24. Similar limits are also derived as a function of the dark matter mass at
fixed mediator masses, both scalar and pseudoscalar (Figure 6.25 and 6.26).
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6.10. Results

Figure 6.24: Model dependent limit for the pseudoscalar mediator models as
a function of the mediator mass and with a fixed DM mass of 1 GeV. All
systematic uncertainties and NLO k-factors are included.

Figure 6.25: Model dependent limit for the scalar mediator models as a func-
tion of the DM mass and with a fixed mediator mass of 10 GeV. All systematic
uncertainties and NLO k-factors are included.
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Figure 6.26: Model dependent limit for the pseudoscalar mediator models as
a function of the DM mass mass and with a fixed mediator mass of 10 GeV.
All systematic uncertainties and NLO k-factors are included.
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6.11 Recasting of the results in a Two-Higgs-

Doublet Model

A natural extension of the simplified model described above is to consider the
mixing of the Higgs boson with the mediator. A possible way to accommodate
the stringent Higgs physics constraints is to add a second Higgs doublet [115].
In this way the couplings to SM fermions are obtained by mixing with the
second doublet. After electroweak symmetry breaking, five physical Higgs
bosons are obtained, two CP-even state h and H, one CP-odd state A and two
charged Higgs (H±). The model foresees 15 free parameters, many of them
constrained by EM precision measurement of the Higgs boson. Only 5 free
parameters remain, ma, mA, mH , tan β and sin θ, where a is the pseudoscalar
mediator. The parameter sin θ is the mixing angle between the CP-odd state A
and the pseudoscalar mediator a, while tan β is the ratio between the vacuum
expectation values of the two doublets. The searches which are expected to be
sensitive to the model are those having Emiss

T and Z, h, jet or two top (as the
analysis previously presented) or bottom quarks in the final state. To map the
exclusion limits in the 2HDMa model, it is possible to start from the excluded
cross section obtained in the context of the DM simplified analysis for each
value of m(a) according to the following formula:

σexc(2HDMa) = σexc(DMSIMP )× ε(DMSIMP )× Acc(DMSIMP )

ε(2HDMa)× Acc(2HDMa)
,

(6.12)
once the analysis acceptance is known. ε is the analysis efficiency and it is as-
sumed to be the same for both the models, being due to the cuts defining the
final state topology. The acceptance is, on the other hand, model dependent.
It could be noticed, however, that for the 2HDMa model the dominant process
of dark matter production in association with top quarks is gg → tt̄a→ tt̄χχ̄,
which is exactly the same of the simplified model. If this is confirmed to be
the only contribution to the dark matter production also the acceptance of the
two analyses is the same and the excluded cross section depends only on the
production cross section. To prove the previous hypothesis a study at parton
level of the process gg → tt̄χχ̄ is performed in the context of the two models.
In both the models m(a) has been set to 150 and 300 GeV. The masses of the
Higgs bosons of the 2HDMa model have been set to m(h) = 125 GeV and m(A)
= m(H±) = m(H) = 750 GeV. In Figure 6.27 a comparison of the invariant
mass of the dark matter pair is shown for both the models, for both choices of
the m(a). In both cases a large discrepancy is observed due to the contribution
coming from the pseudoscalar A and from the mixing between a and A. The
relative contribution of the heavy pseudoscalar A depends on the choice of the
parameters and a strategy is needed to handle correctly the rescaling.
A further comparison is performed, still at parton level, reducing the contribut-
ing from A, by selecting only events having a dark matter invariant mass close

115



6. Search for Dark Matter produced in association with top quarks

to the a peak. In Figure 6.28 the Emiss
T and mT2 distributions are shown for

both models. The observed agreement is very good, meaning that if only the
contribution from a is considered the kinematic of the two models is the same.

) (GeV)χχm(

0 200 400 600 800 1000

E
ve

nt
s/

bi
n

1

10

210

310

410 DMSIMP

2HDMp

) (GeV)χχm(

0 200 400 600 800 1000
E

ve
nt

s/
bi

n

1

10

210

310

410 DMSIMP

2HDMp

Figure 6.27: Invariant mass of the dark matter pair for both models when
m(a)=150 GeV (a) and m(a)=300 GeV are used
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Figure 6.28: Comparison of the distributions of the variables MT2, Emiss
T for

the DMSIMP model (black points) and 2HDMa model (red points). The
distributions are obtained for m(a) = 150 GeV, and the 2HDMa distributions
contain events passing the m(χχ) < 200 GeVrequirement.

A possible approach for a correct evaluation of the analysis acceptance for
the 2HDMa model is to consider the independent contribution due to a, having
mass m(a), and A, characterized by mass m(A), weighted by the respective
cross-sections (σ(a) and σ(A)) according to following formula:
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6.11. Recasting of the results in a Two-Higgs-Doublet Model

Acc2HDMa(m(A),m(a)) =
σa × AccDMSIMP (m(a)) + σA × AccDMSIMP (m(A))

σa + σA
,

(6.13)

ε2HDMa(m(A),m(a)) =
σa × εDMSIMP (m(a)) + σA × εDMSIMP (m(A))

σa + σA
.

(6.14)

Figure 6.29 and 6.30 show the acceptance as a function of tan β and sin θ
in case of the DM simplified model considering only the contribution from
a (grey band), the 2HDMa model (black points) and the simplified model
where both a and A are taken into account (red band). The masses of A
and a have been set to 600 and 150 GeV respectively. The comparison has
been performed on several selections related to the process gg → tt̄χχ̄ with
top quarks decaying hadronically and dileptonically [116], or decaying into
a final state characterized by a single lepton [117]. The agreement is good
and the strategy is proved to work in the space of the parameters relevant for
this analysis. A further signature that could benefit of the recasting is the
gg → bb̄χχ̄, also described in Ref. [116]. In this case, however, due to the
choice of the 2HDMa parameters, the contribution due to A has been found
to be negligible and it can be neglected.

The results of the recasting according to the Formula 6.12, providing lim-
its in the tan β-Ma bidimensional space, are shown in Fig. 6.31 for the tt̄χχ̄
channel where the analysis providing the best expected limit (0, 1, 2 leptons)
is taken into account for each single signal point. For what concerns the bb̄χχ̄
no sensitivity has been obtained for the chosen set of parameters.

Limits as a function of sin θ for different values of Ma, 200 and 350 GeV
respectively, have been derived and shown in Fig 6.32 (200 GeV) and in Fig.
6.33 (350 GeV). As stated in the exclusion plots, the value of tan β has been
chosen to enhance the sensitivity of the analysis. Finally, despite no depen-
dence from the dark matter mass is expected, limits as a function of the dark
matter mass (m(χ)) are shown in Fig. 6.34.
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Figure 6.29: Comparison between 2HDMa and simplified model acceptances
at parton level, before and after the reweighing. In (a) and (b) the tt̄χχ̄
with top quark decaying hadronically case is shown, for two SRs respectively.
Figures (c) and (d) show the tt̄χχ̄ 1 lepton analysis, for the two SRs. Finally,
figure (c) shows the tt̄χχ̄ channel into 2 leptons case. Acceptance are shown
as a function of tan β
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Figure 6.30: Comparison between 2HDMa and simplified model acceptances
at parton level, before and after the reweighing. In (a) and (b) the tt̄χχ̄ with
top quark decaying hadronically case is shown, for the two SRs respectively.
Figures (c) and (d) show the tt̄χχ̄ 1 lepton analysis, for the two SRs. Finally,
figure (c) shows the tt̄χχ̄ into 2 leptons case. Acceptance are shown as a
function of sin θ
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Figure 6.32: Interpretation of the results for the tt̄χχ̄ final state (left) and the
bb̄χχ̄ final state (right) as a function of sin θ for Ma = 200 GeV. For the tt̄χχ̄
final state the signal region providing the best expected sensitivity is used
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Figure 6.33: Interpretation of the results for the tt̄χχ̄ final state (left) and the
bb̄χχ̄ final state (right) as a function of sin θ for Ma = 350 GeV. For the tt̄χχ̄
final state the signal region providing the best expected sensitivity is used
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Figure 6.34: Interpretation of the results for the tt̄χχ̄ final state (left) and the
bb̄χχ̄ final state (right) as a function the dark matter mass. For the tt̄χχ̄ final
state the signal region providing the best expected sensitivity is used .
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6.12 Conclusion

The present analysis has investigated dark matter production in association
with top quarks based on a Simplified Model. The analysis used 36.1 fb−1 of
data from pp collisions at 13 TeV. Data has been found to be compatible with
the SM expectations, leading to exclusion limits both model independent and
dependent. In particular limits on the signal strength have been set on the
DM and mediator masses for a coupling g = 1. Signal strength equal to 1 has
been excluded for mediator mass up to 50 GeV in the scalar case for a DM
particle of 1 GeV.
The recasting of the analysis results in terms of the 2HDMa model has al-
lowed to set the first ATLAS limits on this model, that will be more deeply
investigated with the full Run-II data, in future analyses.
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Conclusions and perspectives

A search for Dark Matter (DM) production in association with top quarks
based on a Simplified Model has been presented. Data collected at the ATLAS
experiment in 2015 and 2016 for a total integrated luminosity of 36.1 fb−1 were
analysed, at

√
s = 13 TeV. The model describes the coupling between Dark

and Standard Model sectors as mediated by a spin 0 scalar or pseudoscalar
particle. A final state with two leptons, from the top quarks decays, Emiss

T and
jets has been considered. The data event counts observed has been compared
to the expected SM background, showing a good compatibility. Results have
been interpreted in terms of limits on the model as a function of the mass
of the mediator and the Dark Matter particle and in the context of a generic
BSM signal. In particular scalar mediators with mass up to 50 GeV have been
excluded for a DM particle of 1 GeV. The same results have been also rein-
terpreted in terms of a model extending the Simplified one, described above,
and foreseeing two Higgs doublet (2HDMa). This model is particularly attrac-
tive since it extends the SM, while being compatible with the stringent Higgs
physics constraints. It will be the focus of many other searches in the next
analyses round based on the full dataset collected in Run II for about 150 fb−1.

The near future will also be a challenge for detector upgrades. The ATLAS
New Small Wheels (NSW) upgrade of the muon spectrometer has entered the
mass production phase for what concerns the Micromegas quadruplets, with
the goal to build all the detectors in time for their installation during the LS2,
starting in 2019. In the thesis many details have been provided concerning
the readout Printed Circuit Boards (PCB) production and quality control per-
formed at CERN, together with some of the most relevant challenges that have
been faced. At the same time the performance of the Micromegas detectors
has been evaluated in a dedicated test facility at CERN, in a very high particle
rate environment. The ageing effects on these detectors have been evaluated
after accumulating 0.3 C/cm2 in about 3 years, several times what is expected
in 10 years of LHC operations. Both studies have been successful. No degra-
dation of the performance has been observed up to 70 kHz/cm2, considering
that the highest rate in the NSW, close to the beam pipe, has been estimated
in 15 kHz/cm2. No ageing effects have been observed either.
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Appendix A
Particle interactions with
matter

In this chapter a brief summary of the physics processes governing the inter-
action between particles and matter is presented, with a particular emphasis
on those responsible for the signal generation on gaseous detectors. In Section
A.4 some aspects of the charge amplification are also discussed.

A.1 Interaction of charged particles with mat-

ter

A relativistic heavy charged particle travelling in the matter interacts with the
electrons of the material, feeling the coulomb potential. In any of such inter-
actions, depending on the proximity, the energy transferred may be sufficient
to raise the electron to an outer shell (excitation), or to completely remove it,
ionizing the atom. The mean value of the energy deposition is well described
in a wide range of energies (namely 0.1 < βγ < 1000, where β = v

c
and γ is

the relativistic factor) by the Bethe-Block formula:

dE

dx
= −Kz2Z

A

1

β2
ln

2mec
2

I
β2γ2 − 2β2 − δ(β)

2
(A.1)

where K = 4πNAr
2
emec

2 with NA being the Avogadro’s number, re the classi-
cal electron radius, and me the electron mass. z is the charge of the incident
particles, while Z and A are the atomic and mass numbers of the absorber
respectively. I is the mean excitation potential of the gas. This equation
for intermediate-Z materials shows an accuracy of few percent. In figure A.1
several examples of stopping powers are shown for different particles. What is
relevant to notice out of this equation is that there is no dependence to the mass
of the charged particle, but only to its charge and velocity squared. Moreover
the material composition enters in the formula with the effective atomic num-
ber Z/A. For values βγ ∼ 3 the stopping power shows a minimum: particles in
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A. Particle interactions with matter

Figure A.1: Stopping power, or loss of energy E per unit path length, as a func-
tion of the momentum for different particles in different materials. Radiative
effects, relevant at higher and lower momenta are not included.

this regime are called Minimum Ionizing Particles (MIP). Another extremely
important feature of the ionization process is the so-called Bragg additivity :
mixtures or compounds can be imagined as thin layers of pure elements in the
right proportion and the total energy deposition can be calculated indepen-
dently in each layer. For what concerns electrons and positrons, at low energy
they mainly deposit energy by ionization, with contributions from other pro-
cesses, such as Bhabha scattering, annihilation, Moller scattering. At higher
energy, namely few tens of MeV in most materials, the loss of energy due to
the emission of a photon produced by the acceleration of the particle in the
coulomb field (Bremsstrahlung) becomes dominant.

Ionization in gases

As described in the above section, an heavy particle travelling in the matter,
and in a gas as well, loses energy leading to the excitation or the ionization of
the atoms. While the excitation in a generic atom of the gas requires a well
defined energy, being a resonant reaction, the ionization has no energy require-
ments, while presenting, on the other hand, a high energy threshold. Typical
cross sections values for ionization are of the order of σ = 10−16cm2. Electrons
and ions produced directly by the incident radiation are called primary ion-
izations. If the energy transferred to the electrons is high enough (delta rays)
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A.2. Photons interactions with matter

Figure A.2: Properties of the most common gases

supplementary secondary ionizations occur. Primary ionizations are statistical
phenomena and the their occurrence follows the Poissonian distributions. The
mean value of ionizations, however, can be estimated by:

nt =
∆E

Wi

(A.2)

where ∆E is the mean energy loss for a minimum ionizing particle and Wi is
average energy needed per ion pair. Typical values are 25-35 eV/ion pair and,
surprisingly, does not depend strongly on particle type. Properties of the most
common gases are reported in Fig. A.2.

A.2 Photons interactions with matter

A large variety of processes involves photons and their interactions with matter.
However, only three of them are relevant for radiation measurement. Those
are the photoelectric effect, the Compton scattering, and the pair production.
Typically the interaction involves the production of electrons, which are later
detected by ionization. Unlike the interaction of charged particles, photons in-
teractions are a binary process. Or the photon is absorbed and then eventually
re-emitted at lower energy or the interaction does not occur. Given this pe-
culiarity, and defined I0 as the original mono-energetic photon beam intensity,
the intensity after traversing a layer of thickness x is given by:

I(x) = I0exp(−
µ

ρ
x) (A.3)

where ρ is the density of the material and µ/ρ is the mass attenuation co-
efficient. The inverse of the mass attenuation coefficient can also be seen as
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A. Particle interactions with matter

Figure A.3: Mass attenuation coefficient as a function of photon energy for a
generic material.

the mean free path between two successive interactions. The three processes
dominate at different photon energy ranges, as it is shown in Fig. A.3. At
lower energy, namely smaller than 100 keV the photoelectric effect dominates.
For energies bigger than 10 MeV it is the pair production process to have the
highest cross section. In the energy range between those the most probable
interaction is the Compton scattering.

Photoelectric effect

Photoelectric process takes place when the photon is absorbed by an electron
on a shell of a nucleus. The energy of the photon has to be higher than the
binding energy of the electron. Consequentially to the absorption, the electron
is emitted leaving an empty vacancy in the shell as shown in Fig. A.4. This
hole is then filled by an electron from an outer shell, emitting a fluorescent
photon with energy equal to the difference between the two shells. The energy
from the electronic transition may be eventually be transferred to a weakly
bounded electron of the same shell. This last is called Auger effect.

Compton scattering

The Compton scattering, as already observed, is the dominant process in the
keV-MeV energy range. It consists in a scattering of the photon on the elec-
trons, with a partial transfer of the photon energy to the electron as shown in
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Figure A.4: Schematic of the photoelectric effect with emission of a photon
(left) and with emission of an Auger electron (right).

Fig. A.5. The photon wavelength is shifted by:

∆λ =
h

mec
(1− cos(θ) (A.4)

Figure A.5: Scheme of the Compton scattering.

Pair production

The pair production process can only occur when the photon energy is more
than twice the rest mass of the electron. It consists in the trasformation of a
photon in a electron-position couple (Fig. A.6).

A.3 Drift of Electrons and Ions in Gases

Ions and electrons, generated by the radiation, in presence of an electric field,
drift along the field lines. For ions, the drift velocity can be approximated by
the following relation:

~v =
µ~E

p
(A.5)
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A. Particle interactions with matter

Figure A.6: Pair production of a photon in a nucleus field.

where µ is the ions mobility, ~E is the electric field and p is the gas pressure.
Mobility for ions depends on the gas considered and it is fairly constant over
a wide range of electric field. Typical values are between 1 and 1.5 · 10−4

m2atm/V. Therefore, for atmospheric pressure and field of about 104 V/m drift
velocity assumes values of the order of 1 m/s. Electrons, on the other hand,
are about 1000 times faster. This is due to their lower mass, allowing greater
acceleration between successive interactions with the neutral gas molecules.
The drift velocity of the ions, being the slower, is a critical parameter in gaseous
detectors, since it defines the length of the signal. Reaching higher drift velocity
would allow to improve the rate capability of the detectors. In [118] and [119]
a comprehensive study of the drift velocity for different combinations of Argon
and C02, relevant for this thesis, and a much more detailed analysis of the
topic, have been performed.

A.4 Gas amplification

The number of electrons and ions produced by the radiation are not enough to
provide a readable signal. A process of amplification is thus needed. In gaseous
detectors this is performed by accelerating the electrons with an adequate
electric field in order to further ionize the atoms. The amplification process
can be describe by

n(x) = n0exp(αx) (A.6)

where n0 is the number of electrons entering the intense electric field region,
x is the path length and α is the Townsend coefficient. The so-called gas gain
is the ratio between the number of electrons at the end of the amplification
and the initial ones. The gas gain can be largely influenced by the density of
the gas. In gases, the density can be expressed in terms of pressure (p) and
temperature (T ) by

n =
p

KBT
(A.7)
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A.4. Gas amplification

where KB is the Boltzmann constant. A parametrization of the Townsend
coefficient [120] as a function of the density of the gas is given by

α = A0n exp

(
− B0n

Eamp

)
(A.8)

where A0 = kBA and B0 = kBB. A and B are gas dependent parameters.
The above mentioned relation, works as long as the space charge due to ions
is negligible with respect to the field. When this situation is not satisfied
any more, the electrons charge enhances the field, leading to an even higher
amplification resulting in discharges and breakdown. An empirical limit to the
amplification, before breakdown occurs, can be found in [121].
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Appendix B
The Gamma Irradiation Facility
at CERN (GIF++)

In this chapter the main aspects of the GIF++ facility will be provided. This
appendix is supporting the ageing studies carried out on the Micromegas pro-
totypes described in the core of the thesis. The main reference is [62].

B.1 Description of the facility

The Gamma Irradiation facility (GIF++) at CERN, is located at the former
SPS West Area and it is dedicated to the long term ageing studies in high
particle rate background of gaseous detectors designed for LHC High Lumi-
nosity experiment upgrades. It combines a radioactive source, 137Cs, having
an initial activity of 14 Tb and an half-time of about 30 years, with a muon
and high rate pion beams.

The Cesium source has been chosen to guarantee long lifetime, with respect

Figure B.1: 137Cs decay
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B. The Gamma Irradiation Facility at CERN (GIF++)

Figure B.2: Layout of the bunker

to 60Co, and also because the neutron-induced background radiation in LHC
environment is well described by the energy spectrum of the source, mainly
dominated by 662 keV photons. Figure B.1 shows the reference Cesium decay.
The Cesium decays in a excited state of 137Ba via beta decay, followed by a
gamma emission decay to the ground state.

The facility has been designed to maximize the number of setup installed
for a total surface of about 100 m2 with a total height of 4.8 m. The layout of
the facility is shown in Fig. B.2.

The source is placed in the middle of the bunker area, creating two different
radiation zones, upstream and downstream. The photon flux can be modified
by means of filters, 9 in total, that can be combined in series of three for a
total possible number of combinations equal to 27. A dedicate simulation of the
whole bunker and of the source has been carried out in order to characterize the
photon field at different position in the bunker. Figure B.3a shows the expected
photon current in a vertical plane at the same height of the source without
any attenuation filter. Collimators have been designed to make photon flux as
uniform as possible on the x-y plane. Figure B.3b shows the source spectrum
as simulated at about 1 meter from the source for three different attenuation
values. About half of the current comes from the 662 keV peak, plus a lower
energy background due to scattering.

A measurement campaign has been performed to compare the expected
reduction of the photon flux with the measured one for different combinations
of the available filters.
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B.1. Description of the facility

(a)

(b)

Figure B.3: Total flux simulated with source fully opened. Indication of some
reference positions in the bunker are given (a). Spectrum of the photons for
different attenuation filters (b)
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Table B.1: Comparison between expected and measured attenuation doses for
various filter combinations

Measured Attenuation

Expected att. of 662 KeV gammas Dose [mSv/h] Meas. att.
1 470.00 -

1.5 400.00 1.2
2.2 2110.00 2.2
4.6 105.00 4.5
10 55.00 8.8
100 6.50 72.3
100 6.20 75.8
464 1.59 295.6
4642 0.22 2156.0
46420 0.05 9400

Results are reported in Table B.1: at higher fluxes, the expected and mea-
sured attenuations are very similar, while the difference increases at lower
fluxes where the contribution from low energy photons from scattering become
relevant. More information concerning the measurement and the setup used
can be found in Ref. [62]. The expected photon current, considering different
bins of energy, is reported in Table B.2 for the same reference positions in the
bunker already shown in Fig. B.3a. The last column reports the percentage of
the photon flux due to the Cesium peak; in average about 50% of the photons
have an energy of 662 keV.

Table B.2: Photon current expect at different reference positions. Almost half
of the current comes from the 662 keV peak

photon current (106cm−2s−1)

// Energy bins (keV) //

Position 0-100 100-200 200-300 300-400 400-500 500-600 600-662 0-662 661-662 %
D1 0.36 2.92 2.44 3.29 5.18 5.88 23.8 43.9 20 45.5
D2 0.17 0.72 0.45 0.35 0.67 0.83 3.34 6.52 2.79 42.8
D3 0.14 0.47 0.22 0.2 0.23 0.29 1.14 2.7 0.95 35.2
D4 0.12 0.38 0.19 0.13 0.14 0.15 1.28 2.39 1.17 48.7
D5 0.11 0.32 0.17 0.13 0.15 0.15 1.29 2.32 1.17 50.3
U1 0.39 2.96 2.44 3.3 5.14 5.89 23.8 43.9 20 45.5
U2 0.21 0.81 0.41 0.34 0.66 0.83 3.38 6.64 2.82 42.6
U3 0.19 0.57 0.28 0.2 0.23 0.28 1.15 2.91 0.96 33.1
U4 0.29 0.95 0.49 0.27 0.33 0.35 3.82 6.51 3.54 54.4
U5 0.34 0.86 0.45 0.32 0.29 0.26 1.71 4.23 1.52 35.9

136



Appendix C
Development of Small Pad
resistive Micromegas

The following appendix describes the development of a Micromegas detector
based on resistive pads I have been actively contributing to. The aim of the
project is to develop a detector design suitable for very high particle rate
environments of the order of few MHz/cm2. The results here reported are based
on the conference proceeding prepared and submitted by myself in occasion
the MPGD 2018 international conference.

C.1 Small-pad resistive Micromegas

Resistive Micromegas technology has been developed, as it has been showed
in the main core of the thesis, in view of its use in large area detectors in
the context of the ATLAS New Small Wheels upgrade. The detector design is
based on standard Micromegas structure, composed of a drift and amplification
gaps, and copper readout strips. The term resistive, as already seen, denotes
the presence of a resistive strip pattern, insulated from the readout ones by
means of a Kapton® foil. With this design high rate tests have been performed
and no degradation of the performance in high particle rate environment up
to 70 kHz/cm2 has been observed. The main obstacles to reach even higher
particle rate are represented by the voltage drop due to the resistivity of the
strips, leading to a reduction of the effective amplification field, and by the
occupancy increase, which, at its turn, lead to the impossibility to distinguish
overlapping events.
However, it is of great importance to investigate and improve these two aspects,
as future applications will require detectors to sustain particle rate of about
10 MHz/cm2.
An approach, already reported in [122],[123], to overtake both the limitations,
has been proposed, based on the replacement of the readout and resistive strips
with rectangular pads. The PCB schema of the newly developed prototype is
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Figure C.1: The resistive pads readout PCB introduces pads and embedded
resistor instead of strips

shown in Fig. C.1. To evacuate the charges embedded resistors have been used,
as shown in the figure, having a resistivity of few MΩ. The pattern of the pads
is a matrix of 48×16 for a total number of 768 pads, each pad being 1×3 mm2.
Each pad corresponds to an individual readout channel, routed at the edge of
the board, where the APV 25 electronics is plugged. The detector is completed
by a 5 mm drift gap, and a amplification one of about 100 µm. The active
area is 5×5 cm2.

C.2 Small-pad detector performance

The first characterization of the detector has been performed by means of
X-rays and Iron sources (55Fe). The gas used for all the tests here reported
is always ArCO2 (93:7), the usual mixture used also in the context of the
NSW detectors. Amplification voltage is applied between pads and mesh, drift
voltage between mesh and drift electrode. The energy resolution of the detector
has been measured by exposing the detector to an Iron source and acquiring
the detector current from the readout pads with a Multi Channel Analyser
(MCA) for different values of amplification voltage as shown in Fig. C.2. An
energy resolution of about 30% has been obtained, slightly worse than previous
results obtained using standard resistive Micromegas detectors. This results is
not surprising: due to the highly segmented pattern and large border effects,
the electric field is rather inhomogeneous.

Always by using iron sources, the detector gain as a function of the am-
plification voltage has been measured. In particular two sources have been
used, one characterized by a low activity (1.3 kHz detected hits), and a second
one about 100 times more intense (128 kHz). The measurements, reported in
Fig. C.3, show a reduction of the gain of about 20% if the more intense source
is considered with respect to the weak one. A similar effect is also observed if
the dependence of the gain as a function of time is measured: Figure C.4 shows
the current evolution after placing the intense iron source on the detector for
few tens of seconds, also in this case for different amplification voltages. This
current reduction suggests that charge-up of the dielectric takes place when
the intense source is used (higher particle rate), implying a local reduction of
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Figure C.2: Iron source spectrum for different values of the amplification field
as obtained by a multi channel analyser (MCA).

Figure C.3: Gain as a function of
the amplification voltage for the
two iron sources (Low = 1.3 kHz,
High = 128 kHz). Comparison
among measurements performed in
different periods is shown

Figure C.4: Detector current as a
function of time in the first sec-
onds after placing the high rate
(128 kHz) iron source on the detec-
tor

the amplification field. A saturation behaviour is then reached after initial
charge-up.

The rate capability of the detector and the gain behaviour as a function of
the rate have been studied extensively by means of an X-rays gun available at
the Gas Detector Development (GDD) laboratory at CERN, providing 8 keV
photons from a Cu anode.

The particle rate reaching the detector could be tuned by setting the current
of the X-ray gun and by focusing photons with a 3 mm Cu collimator or with
a 10 mm hole absorber. The particle rate has been estimated by reading
the signal rate on the mesh as already done for the gain measurement and
described in the main core of the thesis. Figure C.5 shows the gain as a
function of the particle rate for different values of the amplification voltage.
Also in this case, as expected after the previous considerations on the charge-
up effect, a reduction of the gain of about 25% has been observed at higher
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Figure C.5: Detector readout current as a function of the rate for different
values of the amplification field. An X-ray gun with a 10 mm hole absorber
has been used for the measurements.

Figure C.6: Detector current as a function of the rate for a fixed amplification
value. An X-ray gun with a 10 mm hole (blue points) or a 3 mm collimator
(green points) have been used for the measurements.

particle rate. In this case, however, in addition to the charge-up effect, also the
voltage drop due to resistivity of the pads is contributing to the reduction of
the gain. Figure C.6 shows the gain as a function of the particle rate measured
for a fixed value of the amplification field (530 V between readout and mesh)
using the absorber and the collimator. Despite the gain reduction, a value
of 4×103 has been measured at 150 MHz/cm2. This result confirms that the
detector could be still operated efficiently at this rate.

Performance at testbeam

Detector performance, such as the efficiency to particles, tracking capabilities
and resolution have been studied in a testbeam campaign at the SPS facility
at CERN, where high energy muon and pion beams are available. Data have
been acquired with the usual APV-25 hybrids and RD51 SRS system already
briefly described in the core of the thesis. Two double view Micromegas bulk
detectors, the same used also as tracking chambers in the GIF++ testbeam,
have been used to reconstruct the expected position of the track on the pad
detector. The reconstruction of the clusters on the pad detector has been
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(a) (b)

Figure C.7: Residual distribution between expected and reconstructed cluster
position for precise coordinate (C.7a) and second coordinate (C.7b)

performed by combining the information from neighbouring fired pads. The
resolution has been evaluated comparing the cluster position reconstructed on
the detector with the expected position obtained from tracking detectors, and
then subtracting the uncertainty on the track interpolation. Figure C.7a shows
the residual distribution considering the most accurate coordinate, correspond-
ing to the short side (1 mm) of the pads. A resolution of 190 µm has been
observed. For what concerns the less accurate coordinate, corresponding to
the 3 mm side of the pads, a resolution of 800 µm has been found.

Another relevant aspect of the detector is the efficiency to muons as a
function of the amplification voltage. An event is considered if one and only
one cluster is detected on the tracking chambers and defined efficient if a cluster
on the pad detector is found within 3 times the resolution of the accurate
coordinate around the expected position. Figure C.8 shows the efficiency curve,
which saturates toward a value of around 98%. The red points show the trend
of the efficiency when the whole chamber, instead of the small fiducial region,
is considered.

As a final remark, the number of fired pads in a cluster has been found
to depend on the position of the particle traversing the detector. If the track
crosses a pad close to its center, a higher probability to generate a cluster
composed of an odd number of pads has been observed, as shown in figure
C.9a. On the other hand, if the track passes close to the edge of a pad (as
limit case, exactly in between two pads), an higher probability to reconstruct a
cluster having an even number of fired pads has been measured (figure C.9b).
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Figure C.8: Cluster efficiency as a function of the amplification field. The red
points show the efficiency when clusters are selected in the whole detector:
the plateau reaches about the 99.9%. The blue points represent the efficiency
obtained by selecting clusters lying closer than 3 times the resolution of the
accurate coordinate (3σ) from the expected position. In this case, the plateau
reaches the 98%.

(a) (b)

Figure C.9: Probability of firing an odd (a) and even (b) number of pads per
cluster as a function of the position of the extrapolated track in the pad.
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Appendix D
Development of the INFN
Micromegas QAQC DB

In this chapter the main aspects of the ATLAS New Small Wheels databases
are reported, in particular focusing on the INFN QAQC database develop-
ment, its own web interface and some aspects of the strategy adopted by the
Italian construction sites to provide the data. I have been personally worked
on the architecture of the Italian database, on its development, and on its web
interface, with the help and support of the NSW CERN databases responsible,
Kim Temming, which I am deeply grateful.

D.1 NSW Databases

The ATLAS NSW databases have been designed to record all the items (start-
ing from bolts and screws, up to to entire quadruplet assembled) build or used
by the Collaboration. It also contains all the functionalities to know the exact
location at every time of the objects and also to keep track where items are
mounted, for example which PCBs have been used in a specific panel. This last
feature is known as parenting. Two dedicated databases, based on Oracle®

have been realized:

• The Logistic Database records all the items, their locations and manage
the parenting.

• The QAQC Database contains all the data related to the quality control
performed on the object (both raw material or final modules) selected to
be centrally stored. Only objects defined in the Log database can have
data in the QAQC database.

The Log database is already used since almost 2 years, and it proved to be a
solid and reliable system. It is used not only by the detector construction sites,
but the integration, electronics, service installation groups as well. Concerning
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the QAQC database, more details are given in the following.
A schema of the internal database tables is reported in Fig. D.1. Among all, the
most relevant are the so-called Central measurement and Contexts. Without
entering into details, the first one contains the values that have been measured
and stored, the unique ID of the object that has been measure (linking to the
LOG database) and another ID referring to the context table, containing an
entry for each physics quantity to be registered. Filling the database means
finding the unique ID of the object under test (for example Readout panel),
recall the ID of the measurement itself (mean value of the planarity vacuum
on) and upload the previous two IDs, combined with the value measured in the
Central measurement table. This approach has been adopted to provide the
best versatility as possible. Adding a new type of measurement, for example,
does not require any modification in the database structure, but simply a new
entry, with relative new ID, in the Contexts table.

Figure D.1: Simplified view of the QAQC DB structure. Connection to the
logistic database is not drawn

While the LOG database is filled by the construction sites, directly acces-
sible through a dedicated web interface, the QAQC one does only provide a
read only interface. Data is automatically fetched by local databases devel-
oped, maintained and filled by the construction sites. The interplay among
the databases is shown in Fig. D.2. The external collaboration will access only
the information made available in the Central Database and in the Log. The
Italian sites, for example, building a panel, will update the information con-
cerning the status, the object parenting and the shipment information directly
in the Log database. At the same time, QAQC data will be uploaded to a
local database, the INFN QAQC database, which, at its turn, will pull the
information in the Central Database.
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Figure D.2: Interplay among databases

The most efficient strategy for the development of local databases would
have been to replicate a structure as close as possible to the central one, to be
automatically compatible when transferring the data. Indeed, the strategy that
has been implemented for Italy and then copied by almost all the other sites,
has been to develop a new database, owing copies of the Central measurement
table, while referring for what concerns the other ones directly to the central
database. All the functionalities are thus provided; all the changes made in the
central database are automatically inherited by all the local databases without
any possible issue. The Central measurement table is then slightly modified to
host a flag allowing or preventing the central database from fetching the new
entries.

In Italy, five different sites have to provide information and they are shown
in Fig. D.3.

• Pavia is responsible for the Readout panels (RO) production.

• Rome 1 has to build the drift panels, then sent for the assembly together
with the RO panels.

• Rome 3 prepares the meshes, stretched on a metallic frame, called trans-
fer frame. Meshes are mounted on drift panel at Frascati site.

• Frascati 1 is where drift panels are finalized, mounting the meshes on the
drift structure built in Rome 1.

• Frascati 2 proceeds with the final assembly, coupling RO and Drift panels
and closing the quadruplet structure.

To perform the QAQC measurements defined by the Collaboration, each
site has developed its own strategy, according to the available manpower, ex-
pertise, and construction procedure. To fill the database the simplest and
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Figure D.3: Italian consortium

less impacting strategy on the already present procedures has been adopted.
Each site already provides data as output of a Labview steering programme, or
filled by dedicated script. These outputs become inputs for dedicated scripts,
which reorganize the information in a form suitable for being digested by the
database, and, if instructed, proceed to the final upload. The procedure is
shown in Fig D.4. At time of writing, July 2018, 3 out of 5 sites are already
filling successfully the database.

Figure D.4: Filling schema strategy for Italian sites. Output files from steering
programs (LabView) are converted in a suitable form by automatic script and
uploaded to the database

Providing a tool to consult the database information has been another
crucial task. This feature is now available through a dedicated web interface,
which is shown in Fig. D.5. Three search possibilities are provided: the easiest
one simply displays the tables content, the second one runs predefined queries
and deploys distributions that can be printed and saved for later use, while the
third one allows the user to perform customized searches based on criteria such
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as location, equipment type, measurement type. The development of the web
interface is still on-going based on the feedbacks provided by the the users.

Figure D.5: Web Interface
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