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Introduction

Micro-Pattern Gaseous Detectors (MPGD) have been developed, starting from the
end of the "80s [1], as an alternative to the traditional gaseous detectors based on
the Multi-Wire Proportional Chambers (MWPC) technology [2]. Thanks to their
good spatial and time resolution, high rate capability, long lifetime, and low cost-
to-surface ratio, MPGDs have been introduced in various fields, such as high energy
physics at colliders, astroparticle physics, and medical applications. Among the var-
ious types of MPGDs, GEM detectors (invented by F. Sauli in 1997 [3]) have gained
a particularly good reputation thanks to their ease of manufacturing and flexible
geometry. As a result, they were installed very soon in large HEP experiments as
charged particle trackers, in the COMPASS experiment (started in 2002) and in the
LHCDb experiment (started in 2010) at CERN. These first applications proved GEM
detectors’ successful performance and, consequently, granted them a central role in
the future of LHC.

The LHC (Large Hadron Collider) [4] is a 27 km-long circular accelerator located
at CERN, 175m beneath the surface of the Earth. Along LHC, two hadron beams
(protons or heavy ions) are accelerated until they reach the required energy and are
collided together, in order to produce significant particles. The collider has four
crossing points where the accelerated particles collide, and, in correspondence with
these points, large-area experiments are installed to detect and analyze the products
of the collisions. The 4 mentioned experiments are: ATLAS, CMS, Alice, and LHCb.
LHC first collision occurred in 2010, and it has been running smoothly at world-
record proton-proton center-of-mass energies from 7 TeV (Run 1, in 2010) up to 13 TeV
(Run 2, from 2015), with a luminosity exceeding 103 cm 2 s~ 1. The Standard Model
was tested in an unprecedented energy regime and with high precision. The Higgs
boson was discovered through its two-photon and four-lepton decay modes. New
"Beyond the SM’ (BSM) particles have been searched for in many channels, and strin-
gent limits have been set, but so far no new physics was found. The increasing need
to extend the sensitivity for new physics searches brought to the undertaking of a
major upgrade of the LHC, the High Luminosity LHC (HL-LHC) [5], which should
be operational from the beginning of 2029. This project is aimed at increasing tenfold
the integrated luminosity of the accelerator ring and at raising the center-of-mass en-
ergy for proton-proton collisions from the current 13 up to 14 TeV.

In the new radiation environment characterizing HL-LHC hadron collisions, the 4
large-area experiments along the accelerator ring need to be upgraded to sustain the
higher particle rate and maintain their excellent performance. In particular, the CMS
detector foresees a set of innovations, namely the Phase-2 upgrade, to face the chal-
lenge introduced by the new harsh environment expected in HL-LHC. The Phase-2
upgrade includes the enhancement of both the electronics and detection apparatus.
In this scenario, MPGDs, and, in particular, GEM detectors will take on a major role
in the CMS muon system upgrade. Due to their high-rate capability and slow aging,
3 stations of GEM detectors are planned to be installed: GE1/1, GE2/1, and MEO [6].
Among these three stations, MEO will be located in the most challenging region of
the apparatus. MEOQ position is currently occupied by the HCAL, but it will be freed
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with the installation of the new High Granularity Calorimeter (HGCal). In partic-
ular, MEO will be the closest detector of the muon system to the interaction point,
and, consequently, it will receive the highest rate of background particles. This en-
vironment requires the MEQ performance to be validated under working conditions
as similar as possible to the HL-LHC background particle rate.

To meet the challenges introduced by the HL-LHC project, in 2015 a new facility has
been equipped, the Gamma Irradiation Facility (GIF++) [7], providing charged par-
ticle beams the SPS, combined with a 14 TBq '¥Cs source.

This thesis is organized in 5 chapters, and their content is here summarized. The
first chapter provides an overview of the processes of interaction of particles with
the matter and of the working principles of gaseous detectors, together with a de-
scription of the traditional detector technologies and of the innovative MPGDs, with
a particular focus on the GEM detectors’ performance.

The second chapter briefly outlines the characteristics of the CMS experiment and
the major modifications foreseen, accordingly to the Phase-2 upgrade. Particular
emphasis will be given to the upgraded muon system and the role the new GEM
stations will have in it.

The third chapter focuses on the specific characteristics of the triple-GEM detectors,
planned to be used in the MEOQ station. MEO chambers will be described in terms of
module design and readout architecture. Then, the main calibration and configura-
tion scans for the GEM system readout electronics are presented.

The fourth chapter discusses the rate capability measurements of the MEO prototype
composed of four stacked triple-GEM chambers. The data analyzed have been col-
lected during a test beam campaign at the GIF++ at CERN North Area.

Finally, the fifth chapter presents the integration of the final-design prototype of the
six-layered MEO stack, showing an offline alignment procedure of the six chambers
in the stack and measurements of the time resolution of both the six single chambers
and the overall detector. The analysis has been performed taking data both with
cosmic rays and in a test beam at the CERN H4 line.



Chapter 1

Gas Electron Multipliers

The present chapter provides a description of the basic mechanisms of particle-
matter interactions, laying the groundwork for the examination of gaseous detec-
tors, with a particular emphasis on Gas Electron Multipliers (GEMs). By elucidating
the mechanisms through which particles interact with various materials, this chap-
ter aims to discern the principles guiding the operation and optimization of these
pivotal instruments. The discussion is mainly based on references [8, 9, 10, 11].

1.1 Interaction of particles with matter

Particle detection is based upon sensing particles, charged or neutral, exploiting
their interaction with matter. Different mechanisms of interaction can occur depend-
ing on the nature of the particle to be detected, its dynamics (e.g. its energy), and
the medium it is passing through. In this section, the main mechanisms of interac-
tion of charged particles and photons will be discussed: respectively ionization and
excitation for charged particles and photon scattering and absorption. The empha-
sis on this particular topic stems from its fundamental relevance to the subsequent
discussions and analyses presented throughout this work.

1.1.1 Energy loss of charged particles by ionization

When penetrating a medium, charged particles lose energy by ionization and exci-
tation of the medium’s atoms or molecules. This is the dominant energy loss process
of charged particles up to very high particle velocities when radiation effects start to
play a role. The energy loss per path length is described by the Bethe-Bloch formula
[12]. The first calculations using classical methods were already published by Bohr
in 1913 [13]. In the 1930s Bethe and Bloch provided a quantum mechanical treat-
ment of the problem, the results of which are to a large extent still valid today. The
Bethe-Bloch formula of the stopping power by ionization, S.P.jon, is the following:

dE Z 22 (1 2me®B*Y? Ty ., O(By)  C(Bv, 1)
Pion=—(+—) =K—p— |z In—"F——F — 7 — — ’
S-P-1on <dx> AP g [2" I2 P 2 Z
(1.1)
The various quantities in the formula are defined as follows:
- K = 47Nar’mec® = 0.307MeVcm?mol !, using the classical electron

radius;
- z, B are charge and velocity of the projectile particle;

- Z, A are the atomic number and atomic mass (g/mol) of the medium, respec-
tively;
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- Tnax is the maximum energy transfer to a shell electron occurring in a central
collision.

- 0 is the so-called density correction, relevant at high energies;
- C/Zis a shell correction, important for small values of B.

Equation 1.1 is valid for particles heavy with respect to their target (i.e. atomic elec-
trons), namely all particles except electrons and positrons. The Bethe-Bloch formula
describes how particles are stopped in matter. The energy loss in matter is hence also
called stopping power. The stopping power determines the range, i.e. the distance
travelled before stopping, of a particle in matter or the energy lost after penetration
of a layer of material. Figure 1.1 shows the mean energy loss (dE/dx) as a function
of the energy of the incoming particle for a typical example (4 on Cu). At low en-
ergies, the 1/f? term is dominant, while at high energies the Iny term prevails. In
between those regions, there is a broad minimum around By ~ 3-3.5, corresponding
to a stopping power of approximately 1.5MeV - g/cm?. Particles in this kinematic
range are called minimum-ionizing particles (mips). Since the increase in dE /dx for en-
ergies corresponding to By >3.5 is only moderate compared to the steep rise o 1/ >
towards energies lower than the minimum, it is common practice to use the term
mip for all charged particles with energies larger than those at the minimum.

Furthermore, at higher energies, an increase in the stopping power is determined
by the radiative losses. In fact, charged particles not only lose their energy by ion-
ization (as described by Bethe-Bloch formula), but also by radiating electromagnetic
quanta. The latter is called Bremsstrahlung process. Computations employing rela-
tivistic quantum electrodynamics yield a proportionality to Z2E/m? of the radiative
power. The characteristic E/m? dependence implies that for energies below a few
hundreds of GeV this process is only significant for electrons and positrons. Ac-
cordingly, critical energy Ec can be introduced as the point in energy at which both
energy loss curves intersect:

S.P.jon(Ec) = S.P.rap(Ec) - (1.2)

For electrons and positrons, due to their much smaller mass compared to heavier
particles, energy loss by photon radiation (Bremsstrahlung) becomes relevant al-
ready at relatively small energies. Since ionisation and bremsstrahlung of electrons
or positrons can to a good approximation be treated independently, for the purposes
of this work only the energy loss by ionization is treated here. The ionisation energy
loss by electrons and positrons differs from that by heavy particles due to kinemat-
ics, spin and their identity or respectively their antiparticle character with respect to
the electrons of the medium. For positrons, a complete loss via eTe™ annihilation
into photons must also be accounted for. Generally, two regimes of energy transfer
can be distinguished:

¢ in the regime where the atomic energy levels cannot be neglected energy loss
is treated by averaging, as done above for heavy particles;

¢ in the regime with large energy transfers discrete processes, that is Moller scat-
tering (e "¢~ — e~ e”) or Bhabha scattering (e*e~ — e*e ™), are computed.

Figure 1.2 shows the comparison of energy loss by protons and electrons in silicon.
The difference near the minimum of the ionisation is about 10 %, increasing by small
amounts towards smaller and larger velocities.
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FIGURE 1.1: Energy loss for positive muons in copper (taken from [14]). The vertical
bands separate regions with different theoretical descriptions. The center marks the va-
lidity region of the Bethe-Bloch formula 1.1. At high energies where Bremsstrahlung
dominates the drawn curves show the total energy loss (solid), the loss by radiation
(dotted) as well as by ionization without (dashed) and with (dash-dotted) the inclusion
of the § term in 1.1. The region at low energies labelled "Anderson-Ziegler" is described
by an empirical fit to measured data. The region below this, labelled "Lindhard-Scharff",
is based on a theoretical model which yields an energy loss dependence roughly pro-
portional to § (dashed line). At the lowest non-ionizing energy loss caused by elastic
nuclear recoil dominates. Atlow energies the energy loss is smaller for negative than for
positve particles attributed to higher order corrections and indicated here by the curve
labelled "u~".

1.1.2 Interaction of photons with matter

As for photon interaction with matter, particle detectors exploit mainly the pho-
toelectric effect, the Compton effect and the pair production. These three processes,
indeed, dominate at photon energies above the ionization threshold. The occurrence
of one over the others depends on the energy of the impinging photon and on the
interacting medium. At low energies, Thomson and Rayleigh scattering also play a
role. Thomson scattering is a low-energy photon scattering off free charges. The co-
herent scattering off of a whole atom without shell excitation or ionization is called
Rayleigh scattering.
As a result of the above interaction processes, photons are absorbed or scattered off
their original direction, with a probability proportional to the path length dx in the
medium. The number of photons in a beam passing towards a thin medium follows
an exponential law, known as Lambert law [8]:
N(x) = Noe **, (1.3)
where Ny is the number of photons entering the medium, x is the depth travelled
though the medium and y is the mean free path (or absorption length).
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FIGURE 1.2: Comparison of the energy loss by electrons (excluding Bremsstrahlung)
and by protons in silicon. The curves have been computed via the programs ESTAR
and PSTAR [8].

The photoelectric effect is the dominant photon interaction process at energies in
the lower keV range, typically above 1 keV. In the photoelectric effect the photon
transfers its complete energy onto an atom which, then, releases the absorbed en-
ergy by emitting an electron into the continuum. The atom absorbs the recoil mo-
mentum and is ionized after the reaction. In order for the photoelectric effect to take
place, the energy E, of the photon must exceed the binding energy Ep of the elec-
tron (E, > Ep); the energy surplus is transferred as kinetic energy to the electron:
T = E, — Ep . The recoil energy transferred to the atom can be neglected due to
the atom’s large mass. The cross section for photoeffect rapidly drops with increas-
ing photon energy (at fixed photon energy) and strongly increases with increasing
Z. For a given photon energy the probability for absorption is largest for the most
strongly bound inner shell electrons, for which the energy surpasses the threshold
for that shell. This is why jumps in the absorption cross section, so-called absorption
edges, are observed at photon energy E, = Ej, i = K, L, ...

The Compton effect, or incoherent scattering, is the scattering of a photon off a free
or quasi-free electron. A shell electron is termed "quasi-free" in this context when
the energy of the incoming photon is substantially larger than the electron’s binding
energy (E, > Ep). A scattering process is called Compton scattering if the electron
is kicked out of the atom, carrying away the recoil momentum. There is also the
possibility that, even at high photon energies, the electron remains in the atom-shell.
In this case, the whole atom takes the recoil and the scattered photon’s energy is
nearly the same as the initial energy, independent of the scattering angle. The latter
process is called ‘coherent photon scattering” and becomes strong at lower energies.
The Compton effect is dominant in an extended energy region around 1 MeV. The
extent of this region is much larger at low Z of the medium than at high Z.

Pair production process refers to the conversion of a photon into an electron-
positron pair in the Coulomb field of a charge. For this process to occur, the energy
of the photon must be larger than twice the electron mass plus the recoil energy
transmitted to the field-producing charge. Except for very light elements, pair pro-
duction occurs predominantly in the Coulomb field of the nucleus. For nuclei, the
recoil energy is practically always negligible such that the threshold energy for pair
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production is 2m,.c?. The cross-section for pair production increases as Z2 and is ap-
proximately constant at large photon energies (~ 1 GeV).

Figure 1.3A shows regions in the (E,, Z)-plane in which a process is dominant in
each case. For a given Z value the strong decline of the photoeffect with energy
leads to the fact that the Compton effect becomes dominant from a certain energy
onwards. It is then taken over by pair production starting at its threshold and be-
coming constant at high energies. The stronger dependence on Z of the photoeffect
and pair production compared to Compton scattering is responsible for the fact that
the region in which the Compton effect dominates becomes smaller with increasing
Z. In particular, Figure 1.3 shows the total cross section for photon interaction in
a gas mixture Ar/CO; (70/30), as of particular interest for the successive analysis
performed throughout this work. All the contributions to the total cross section are
shown, but as apparent the most relevant ones are, at increasing energies, respec-
tively Photoelectric absorption (< 0.1 MeV), Compton scattering (< 10 MeV) and,
finally, pair production in the nuclear field.

100 T T IR A T T T T

_ photoeffect pair
T 80 . -
= dominant production i _
[0}
© dominant ®
£ 60 - E
= g
[0}
o)
B 40 + — e ——  Tofal Attanuation with Coherent Scattering H
2 Compton effect s
© R ctostoctric Absorpton
s 20k dominant _| :;..Pr:mumo:;xu.arﬁam
8 Pair Production in Elactron Field

0 1 1 J|||||| 1 1 l|||J|| 1 1 |||H|| 1 1 107187 ]
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Photon Energy (MeV)
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FIGURE 1.3: (A) Regions in the (E,, Z) plane in which the different photon absorption
processes are dominant. (from [8]). (B) Cross section for photon interaction in a gas
mixture Ar/CO; (70/30) (from NIST Xcom).

1.2 Working principle of gaseous detectors

Gaseous detectors [8], as the name immediately suggests, employ gas as an active
medium, in such a way that particles traversing the detector interact with the atoms,
or molecules, of the gas, thus either exciting or ionizing them. In particular, when
one atom (or molecule) of the gas gets ionized, two separate charges are created:
an electron and a positive ion. A gaseous detector must be composed of: an active
volume, namely the gas, whose atoms (or molecules) get ionized, field-defining
electrodes to generate an external electric field, and, finally, readout electrodes, on
which the drifting charges induce the electric signal, that, once measured, gives ev-
idence of the passage of a particle. Even if drifting and readout electrodes have
different functions, they can often physically coincide in a detector.



8 Chapter 1. Gas Electron Multipliers

1.2.1 Primary ionization

The processes of transfer of the energy from a traversing particle to a suitable mediu-
m are described in Section 1.1. For charged particles, in particular, the largest fraction
of energy dissipated in matter is due to electromagnetic interactions between the
Coulomb fields of the projectile and of the molecules in the medium, and the average
energy loss per unit length is given by the Bethe-Bloch formula. In particular, the
slowing down in matter is mainly due to multiple inelastic processes of excitation
and ionization [9]. Then, when dealing with charged particles the actual average
energy loss needed to create an electron-ion pair (W) is larger than the ionization
potential of the atom (or molecule) (E;), because part of the particle energy is lost via
non-radiative mechanisms. The table in Figure 1.4 summarizes physical parameters
useful to estimate the energy loss and ionization yields of fast charged particles in
gases commonly used in proportional counters [15].

Density dE/dx|min
Gas mg cm E.eV EevV WeV keV cm Np cm ! Ny cm !
Ne 0.839 16.7 21.6 30 1.45 13 50
Ar 1.66 11.6 15.7 25 2.53 25 106
Xe 5.495 8.4 12.1 22 6.87 41 312
CH,4 0.667 8.8 12.6 30 1.61 37 54
C5Hg 1.26 8.2 11.5 26 2.92 48 112
iC4H,y 249 6.5 10.6 26 5.67 90 220
CO, 1.84 7.0 13.8 34 3.35 35 100
CF, 3.78 10.0 16.0 54 6.38 63 120

FIGURE 1.4: Table of the properties of the most common gases. (from [15])

Since all the primary ionization events are independent of each other, statistically
the number of electron-ion pairs, k, generated by primary ionization follows the

Poissonian distribution: )

P(k,nr) = %Te’”T ,

where n7 is the average number of electron-ion pairs generated by primary ioniza-
tion.

An easy calculation can be performed to estimate the number of electrons gener-
ated on average per unit length by a MIP traversing a gas, for example, a mixture
of Ar:CO; (70%:30%). Considering the weighted average of the values listed in the
table above, the total number of electron-ion pairs generated by a traversing MIP

would be:
(dE/dx) 278 x 103 m

-1 -1
_ —1
W 27.7 00 cm

nr =

This amount of charge would result in a signal too weak (~1072fCcm™!) to be
sensed with any measurement apparatus. To allow particle detection, this signal
must be amplified and, for this to happen, collisional excitation and subsequent
charge multiplication can be exploited.
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1.2.2 Drift and diffusion

As for the active volume, the motion of the charges inside the gas represents a cru-
cial argument for the functioning of such detectors. In a volume of gas, once ions
and electrons are released, they swiftly lose their energy in multiple collisions with
the surrounding molecules until they get neutralized either by recombination in the
gas or at the walls [9]. In absence of external fields and inelastic collision processes,
ions and electrons released in a gas behave like neutral molecules, with properties
described by the classic kinetic theory of gases. Accordingly, a localized distribution
of molecules or ions diffuses symmetrically by multiple collisions following a Gaus-
sian law, with a standard deviation for linear and volume diffusion, respectively,

given by:
oy = V2Dt and oy = v6Dt, (1.4)

where D denotes a diffusion coefficient. The values of the diffusion coefficient D,
mean free path between collisions A, and average velocity v of atoms and molecules
in their own gas depend on the gas itself and its temperature and pressure. In the
table in Figure 1.5, classical values of the aforementioned properties are listed for
some of the most frequently used gas types.

Gas Alcm) v(cm/s) D(cm?/s)
H, 1.8 x 10°° 2 % 10° 0.34
He 28 x 10°° 14 x 10° 0.26
Ar 1.0 x 10°° 4.4 % 10* 0.04
0, 1.0 x 10°° 5.0 x 10* 0.06
H,O 1.0 x 1077 7.1 x 10* 0.02

FIGURE 1.5: Classic values of the mean free path between collisions, velocity and diffu-
sion coefficient for atoms and molecules at NTP. (from [16])

At the thermal equilibrium, electrons, due to their lower mass, are characterized by
a thermal velocity, that is several orders of magnitude higher than that of ions, with
an average value, at room temperature, of about 107 cm/s. Thermal diffusion occurs
with a correspondingly larger value of the diffusion coefficient.

To avoid recombination and neutralization of the charges generated by the ionizing
encounters with the traversing particles, an electric field must be applied to the gas
volume. Indeed, when an electric field is applied to the gas volume, a net movement
of ions and electrons, respectively along the field direction and opposite to it, is
observed. The average velocity of this motion is named drift velocity w®, but its
dependence on the intensity of the electric field changes whether ions or electrons
are considered. For ions, drift velocity is linearly proportional to the electric field up
to very high values of E. It is therefore customary to define a quantity y, the mobility
of the charge, as:

+
T
U= F (1.5)
The value of the mobility is specific to each type of charge moving in a given gas, and

depends on pressure and temperature; it is usually measured in units of 108 m?s~!

v except for H', for which it is ten times larger.
For electrons instead, except for very low fields, the mobility of electrons is not con-
stant: because of their small mass, electrons can substantially increase their energy
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between collisions with the gas molecules. In a simple formulation [17], the electrons
drift velocity:

_ eE
wo = k%’[ , (1.6)

where T is the mean time between collisions, and the value of the constant k, between
0.75 and 1, depends on assumptions about the energy distribution of electrons. The
compilation in Figure 1.6 for several pure gases illustrates the wide span of values
and shape of the field-dependence of the drift velocity. A classical argument allows

Drift velocity (em/us)
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FIGURE 1.6: Electron drift velocity as a function of field in pure gases at NTP. (from [10])

one to obtain the following relationship between mobility and diffusion coefficient
(Nernst-Townsend formula) for ions (and thermal electrons):
D kT
—=— (1.7)
1 e
where D is the diffusion coefficient and e the electron charge.
A similar relationship can be obtained for electrons considering that the extent of dif-
fusion depends on the gas, but also on the electric field intensity, due to the increase
of electron energy. Introducing a phenomenological quantity €, named characteris-
tic energy, the expression 1.7 is modified:

— == (1.8)
The diffusion of ions and electrons strongly affects the detector performance in terms

of spatial resolution, as the larger the diffusion the less precise is the localization of
the particle.
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1.2.3 Charge multiplication

When the intensity of the external electric field inside the gas volume exceeds a
few kVcm™!, the primary electrons, produced via primary ionization, can acquire
enough energy between two collisions to ionize, in their turn, the atoms (or molecul-
es) of the gas, creating electron-ion pairs, while the primary electron continues its
motion in the gas. When the mean free path for ionizing collisions is small com-
pared to the gas layer thickness, the secondary electrons soon acquire sufficient en-
ergy from the field to ionize further. This leads to a rapid growth of an electron-ion
avalanche, and constitutes the basic mechanism of signal amplification in gas pro-
portional counters. The ionization cross-section increases rapidly above the thresh-
old and for most gases has a maximum at an energy 100eV.

The mean free path for ionization A is defined as the average distance an electron
has to travel before having an ionizing collision; its inverse, & = A1, is the first
Townsend coefficient, and represents the average number of electron-ion pairs pro-
duced per unit length of drift; it relates to the ionization cross section through the
expression & = Noj,, , where N is the number of molecules per unit volume. As for
other quantities in gaseous electronics, the Townsend coefficient is proportional to
the gas density and therefore to the pressure.

Consider an electron released in a region of the electric field E=E(x). After a mean
free path 1/a(x), one electron-ion pair will be produced, and the two electrons con-
tinue their drift generating, after another mean free path, two more ion pairs, and so
on. If n is the number of electrons in a given position, the increase in their number
after a path dx is dn = na(x)dx; integrating:

M =" = el , (1.9)

where M represents the charge multiplication factor, x; and x, are the initial and
final coordinates of the multiplication path.

Due to the very large difference in mobility and diffusion of electrons and ions the
process of charge multiplication results in a characteristic drop-like charge distribu-
tion, or avalanche, with all electrons at the front and a slow ions trail. One of the
possible parametrization for the Townsend coefficient consists of assuming it to be
proportional to the average electron energy e:

« = kNe. (1.10)

The multiplication factor cannot be increased at will. Secondary ionization processes
in the gas and on the walls produced by photons emitted in the primary avalanche
spread the charge over the gas volume; the space charge-induced distortions of the
electric field, strongly increasing in front of and behind the multiplying charge, en-
hance the formation of secondary avalanches and may cause transition of the pro-
portional avalanche to a streamer and eventually, if not damped by the detector
geometry or by a reduction of the field, the streamer can propagate through the
whole gas gap, leading to a spark breakdown. A qualitative description of the main
processes leading to the avalanche-streamer transition is shown in Figure 1.7. A phe-
nomenological limit to the proportional avalanche multiplication before the transi-
tion is given by the empirical condition (Raether’s limit):

ax < 20. (1.11)
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FIGURE 1.7: Evolution of electron avalanche in discharge gap, showing avalanche de-
velopment, avalanche-to-streamer transition, and streamer propagation. (from [18])

Practically, once the total voltage supplied by the drifting electrodes is fixed, the elec-
tric field depends on their geometry. The two traditional geometries employed for
gaseous detectors are the cylindrical geometry and the parallel plate geometry: the
first being characterized by an electric field that increases approaching the central
wire, and the second by a uniform electric field. As a consequence, in the cylindrical
geometry the avalanche starts developing when the charges get close enough to the
central wire, while in the parallel plate geometry, the avalanche can occur in any
point inside the active volume. This main difference implies that the first is pre-
ferred for precise tracking, while the second for precise timing. As an emblematic
case of cylindrical geometry, in Section 1.3, the detecting mechanism of the single
wire proportional chamber will be discussed. Then, a brief description of the two
main detector technologies most widely spread in HEP experiments nowadays is
provided: respectively Multi-Wire Proportional Counters for the cylindrical geome-
try and Resistive Plate Chambers for the parallel plate geometry.

1.2.4 Signal formation

In ionisation detectors the formation of signals that can be electronically processed
starts with the energy deposit of the particle in the detector volume. Consequently,
charged pairs are created and separated by an electric field generated by the drifting
electrodes. Afterwards, the moving charges induce an accumulation of charges on
the electrode surfaces, which is recorded either as a charge, current or voltage signal
[8].

In a detector made only of conductive materials, the signal induced on a readout
electrode by a moving charge is determined by the weighting field E,y. The weight-
ing field is calculated in a geometry in which the voltage of the readout electrode is
set to an arbitrary value Vj. All the other electrodes are grounded and the moving
charge is removed; once E,, is known, the signal induced by a single point charge g
is determined by the Ramo-Shockley theorem [19, 20]:

i(t) = %Ew v(t),

where v is the velocity vector of the charge. The current signal induced by an
avalanche is the sum of the currents of the single charges in the avalanche; the signal
ends when all the charge is either neutralized or collected.
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1.3 Examples of gaseous detectors

1.3.1 Single-Wire Proportional Chamber

In Figure 1.8A, a typical single-wire proportional chamber (or tube counter) is de-
picted. The anode is a thin wire of radius a on the cylinder axis and the cathode is
the metallic wall of the cylinder, whose radius is b. In most of the cylindrical gas
volume, the electric field is not enough to trigger avalanche processes, so electrons
drift toward the anode and ions toward the cathode. Since the electric field inside
the gas varies with 1/7, when electrons get close to the wire (usually at a few wire
radii), the electric field becomes intense enough to trigger multiplication processes.
Figure 1.8 shows a typical dependence of detected charge on anode voltage, for two
sources of radiation differing in primary ionization density passing through a tube
counter.
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FIGURE 1.8: (A) Principle of a counting tube. The plot delineates the relevant geometri-
cal parameters and the cylinder coordinates r and z which are used for the calculation of
the field and the detector capacitance (the azimuth is not shown since it is not relevant
for the calculations). (B) Schematic representation of the dependence of the output sig-
nal of a counting tube on the anode—cathode voltage. The characteristics are shown for
two particles with different values of energy released by primary ionization. The lower
curve is normalised such that the gas amplification can be read off the vertical axis. The
numerical values for amplification and voltage are used as examples; in concrete cases
they depend strongly on the electrode arrangement and the used gas. The different am-
plification regions are discussed in the text. (from [8])

At very low voltages, charges start being collected, but recombination is still the
dominant process; at higher fields, full charge collection begins, and the counter is
said to operate in the ionization chamber mode. Increasing the voltage further, and
above a threshold value Vr, the electric field close to the surface of the anode gets
large enough to initiate a process of charge multiplication; gains in excess of 10°-10°
can be obtained, with the detected charge proportional, through the multiplication
factor, to the original deposited charge. At even higher voltages, however, this pro-
portionality is gradually lost, as a consequence of the electric field distortions due to
the large charge density building up around the anode; the region of limited propor-
tionality ends in a region of saturated gain, where the detected signal is independent
of the original ionization density. When the voltage is further increased, various sec-
ondary processes set in, resulting in breakdown or, under special conditions (low
pressure, poorly quenched gases) in a photon-mediated propagation of the multipli-
cation over the full length of the anode, the so-called Geiger-Muller operation.



14 Chapter 1. Gas Electron Multipliers

1.3.2 Multiwire Proportional Chambers

The MWPC, developed by George Charpak at CERN in the late 1960s [2], consists
of a set of parallel, regularly spaced thin anode wires between two cathode planes.
On application of a symmetric difference of potential between anodes and cathodes,
electric field lines and equipotentials develop as shown in Figure 1.9A. Charges re-
leased by ionization in the gas volume drift towards the electrodes, electrons to the
anodes and ions to the cathodes. On approaching the thin wires, the electrons ac-
celerated by the increasing field, undergo inelastic collisions with the gas molecules,
starting an avalanche. The process continues until the amplified electron charge
reaches the anodes. The multiplication process initiates typically at a distance of few
wire radii, ensuring a proportional response to the ionization released in most of the
gas volume. With a proper choice of geometry and gases proportional gains up and
above 10° can be achieved, permitting the detection of small amounts of primary
charges. Efficiently operating at radiation fluxes up to 10*mm—2s~!, MWPCs were
quickly adopted to instrument the new generations of detectors in particle physics
experiments. Limited originally in localization properties by the wire spacing due
to electrostatic stability (1 to 2mm), the development of the induced cathode sig-
nals readout method permitted to reach position accuracies well below a millimeter.
MWPC time resolution typically lies in the range of 100-10ns, depending on the gas
mixture [21].

This detector type and variants of it, like the drift chamber and time projection cham-
bers, have been crucial for progress in particle physics until today. Nowadays, they
are still used for tracking in the muon systems of large-area experiments, like LHCb
and CMS (DTs and CSCs), and for particle identification, as in ALICE (TPC).
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FIGURE 1.9: (A) Field lines in a MWPC detector, calculated by Garfield Program [22] (B)
Layout of an RPC. The high voltage is applied between the two high-resistive electrodes
(glass or bakelite) via conductive graphite layers. The signals are induced onto readout
strips with different orientation on top and bottom. The strips are insulated from the
voltage electrodes. Typical dimensions are given for illustration (from [8]).

1.3.3 Cathode Strip Chambers

Cathode Strip Chambers are MWPCs with a cathode segmented in strips and the
signal induced by the charge avalanche on a strip is recorded. The cathode strip
readout provides a further coordinate in addition to the one provided by the an-
ode readout. In particular, if the detector response contains information about the
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amount of detected charge, as given for analog readout, a charge center of gravity
can be determined; its position is a better estimate for the hit coordinate than the
center of the strip. The position of the center of gravity is reconstructed according

to:
2 Six;
Xco.g. = TS,

where the x; is the coordinate of the center of the i-th strip and S; the correspond-
ing signal height measured on it. The signals on the strips are assumed to follow
a certain distribution, for example, a Gaussian. The signals are then integrals of
this distribution over the strip width. The achievable resolution depends on the sig-
nal distribution function, in particular on its width relative to the strip width. This
method allows to reduce the spatial resolution of CSC down to ~100 pm, as mea-
sured, for example, in CMS CSCs (strip pitch ~ 8.4 - 16 mm) [23].

1.3.4 Drift Chambers

Drift chambers are a further development of MWPCs. In a drift chamber, the po-
sition where a particle traversed the detector is determined by the drift time of the
electrons measured from the generation of ionisation at the time far to the arrival
at the anode at the time tsop. The basic formula is an integral over the drift velocity

Up:
Estart
x = vp(t)dt .
Estart

The drift velocity is expressed as a function of the time, because it may vary with the
local field along the trajectory of the moving charges. Unlike MWPCs (and CSCs),
for a drift chamber, the position resolution is no longer directly dependent on the
spacing of the signal electrodes but rather on the precision of the time measurement
of the electron drift until the arrival at the anode. Since drift distances can be much
larger than the wire distances in MWPCs, in general the number of readout channels
and the material per area that a particle has to traverse are reduced. At the same
time, the position resolution improves as compared to MWPCs. The best resolutions
reached with drift chambers lie at about 20 pm, however for large volume detectors
the typical values lie more in the range 100-200 pm, like in CMS Drift Tubes [24].

1.3.5 Resistive Plate Chambers

Resistive Plate Chambers (RPC) [25, 26] are gaseous detectors based on the parallel
plate geometry, whose basic structure is depicted in Figure 1.9B. The key point of
operation is a sufficiently high electric field such that instant avalanche multiplica-
tion sets in at any point of the gas volume with negligible drift before, thus fulfilling
the conditions for good time resolutions and fast trigger decisions. The plates are
made of a highly resistive material with a resistivity of 10%-1012 Q) - cm (e.g. glass or
bakelite) and have a typical distance of about 2 mm.

A high voltage of about 10kV is applied between the plates. On the sides facing
away from the gas volume, the plates are coated with low-conductivity graphite
with a surface resistivity of R, ~ 10° Q. Because of the high resistivity of the
(bakelite or glass) electrodes, the charge drain is delayed and therefore a counter-
field builds up, limiting the discharge in time and strength. The duration of the
discharge is typically 10ns. The time for the restoration of the electric field in the
region of discharge, however, last typically around 10ms, that is, the time for the
charge created near the glass or bakelite electrode to "decay away", Trecharge = RC.
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RPCs can be operated in streamer mode or, with somewhat reduced voltage, in
avalanche mode with different performance properties. Historically, RPCs were first
operated only in streamer mode. In streamer mode the electric field inside the gas
gap is so intense (~10kV mm™!) that traversing charged particles generate limited
discharges. This allows for a detection efficiency 95% and time resolution of ~1ns
but does not allow for rate capability exceeding 200 Hz cm 2 since the charges of the
streamers are large. No signal amplification via electronics is needed in this mode
because signals are large enough to be read out directly. However, the rate is low
due to the long recovery time, caused by the large charge deposited on the resistive
plates. This feature makes streamer mode RPCs useful for low-rate measurements,
such as cosmic rays or neutrino experiments, but unpractical for high-rate regimes,
leading to the development of an alternative mode of operation for use at LHC de-
tectors: the avalanche mode.

When operated in avalanche mode [27, 28], lower electric fields (~5kV mm™~!) can
be used to reduce the size and charge of the avalanches, leading to an improved
rate capability of about 1 kHzcm ™2 [29]. In the avalanche mode the electric signals
induced on the strips are ~1mV, so dedicated electronic amplifiers are necessary
to compensate for the loss of gas amplification to process the signal. The readout
planes on the outside are separated from the conducting graphite coating by insu-
lating layers. The readout plane picks up the induction signals of the avalanche in
the gas volume. It is usually subdivided into parallel conducting strips, which can
be oriented on both sides in different directions in order to obtain a position mea-
surement.

The choice of the gas mixture for an RPC is, in general, a difficult task; RPCs re-
quire for efficient operation the use of gas mixtures with a somewhat demanding
combination of characteristics:

* high density of primary ion-electron clusters, to assure high efficiency;
¢ relevant "quenching" properties, to reduce the photon feedback phenomena;

* being electronegative, to reduce the transversal side of the discharge and im-
prove its localization.

These requirements must be fulfilled by eco-friendy mixtures not dangerous for hu-
man health and that ensures slow ageing. These conditions are currently met us-
ing mixtures of tetrafluoroethane (CoHyF;4) in combination with sulfur hexafluoride
(SF¢), a strongly electronegative gas, and, sometimes, butane (C4Hjp). The main
component is always CoHyF4 (290%) with a few percentages in volume of the other
components. Enrichment of the mixture with an amount of water vapor is needed
to keep conductivity of the plates stable in time.

Because of their exceptional timing performances, RPCs are spreadly used for trig-
ger purposes in the muon systems of HEP experiments, like CMS and ATLAS.

1.4 MPGD

1.4.1 Historical development and evolution

Despite the performance improvements offered by wire systems, the progress with
particle physics accelerators and the new quest for rare events, requiring the op-
eration of the detectors at very high particle flux, eventually exceeded the MWPC
rate capability, limited by the long collection time of positive ions created in the
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avalanche process. A new family of innovative devices, collectively named micro-
pattern gaseous detectors (MPGDs), introduced in the late nineties, permitted to
overcome some of the weaknesses of wire systems, in particular in their rate limita-
tions [11].

Despite their good performances and large impact on particle physics experimenta-
tion, the gaseous detectors making use of thin anode wires as amplifying elements
suffer from a number of limitations, such as the maximum length of unsupported
wires set by the instabilities due to electrostatic forces, or the mechanical fragility
of detectors with thousand of thin wires. An even more fundamental limitation re-
sults from the slow retrograde motion of positive ions generated at the anode by the
avalanching process, and the long time required to neutralize them at the cathodes.
At high radiation fluxes, this accumulation in the gap of positive space charge in-
duces a decrease of the electric field around the wires, with a consequent reduction
of gain. For common wire chamber geometry, the gain drop begins at a particle flux
around 10* mm~2s7!, easily exceeded in experiments [30].

An innovative detector, developed in 1988 by Anton Oed, permitted to overcome
some of the above-mentioned limitations [1]. Appropriately named micro-strip gas
counter (MSGC), the device, depicted in Figure 1.10A, consists of a set of thin par-
allel metallic strips engraved on an insulating substrate and alternatively connected
as thin anodes and wider cathodes. On application of a difference of potentials be-
tween adjacent strips, and with an overlaying gas volume delimited by a drift elec-
trode, the electric field lines converge to the thin anodes creating a field structure
evocative of that of MWPCs: electrons released by ionization in the gas volume drift
towards the anode and multiply in an avalanche process. As shown in Figure 1.10B,
there is a well-defined separation between a drift region, where the primary ioniza-
tion occurs, and a thinner multiplication region. Using high-resolution, industrially
available photolithographic technologies, the distance between strips, or pitch, can
be reduced to fractions of a millimeter, thus ensuring a good space resolution of the
order of 100 um [31].
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FIGURE 1.10: (A) MSGC schematics, with thin anodic strips alternating with wider
cathodes (from [1]). (B) Electric field lines and equipotentials in the MSGC.

Owing to the short distance between strips, the majority of the positive ions released
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in the avalanches are quickly collected and neutralized at the cathodes, minimizing
the space-charge-induced field distortions encountered in wire detectors at high ra-
diation fluxes. Adding to the narrow pitch, the fast clearance of the charge results
in an increase by almost two orders of magnitude in the rate capability as compared
to wire chambers, up to few MHz mm 2 [32]. The disadvantage of such a structure
is that stable operations are achievable only with low gains, of the order of 10%, be-
cause of the fragile and narrow electrodes employed.

Fostered by the development of micro-strip counters and aiming to improve perfor-
mances and mitigate long-term reliability problems, numerous innovative detector
geometries have been conceived and manufactured with photolithographic or sili-
con foundry technologies both on rigid and plastic supports. Some of these mitiga-
tion techniques are:

¢ geometries with flat equipotential surfaces in the amplification region, to lower
the charge density (MicroMegas);

¢ cascading multiple amplification stages (GEM);
¢ embedding resistive materials (MicroMegas, y-RWELL, resistive GEM).

Due to their effectiveness in facing the new HL-LHC challenges in terms of ultra-
high rates, radiation harsh environment, longevity, and large area detectors, MPGD
technologies have already started to be integrated into LHC experiments. Triple-
GEM detectors have already been installed in TOTEM, LHCb, and CMS; two addi-
tional GEM stations will be added to the CMS muon system for the Phase-II upgrade.

1.5 GEM detectors

1.5.1 GEM detectors design

The Gas Electron Multiplier (GEM), introduced by Fabio Sauli in 1997 [11], is a thin
polymer foil, metal coated on both sides and pierced with high density of holes,
typically 50-100 mm~2, as shown in Figure 1.11A. The GEM foil is the basic compo-
nent of the single-foil GEM detector, built by inserting the foil between a cathode
and a charge collection anode, in such a way that with the application of appropri-
ate potentials, the GEM electrode develops the field lines shown in Figure 1.11B. As
evident, the typical three regions of MPGD-based detectors can be distinguished:

¢ The drift region, where the primary electron-ion pairs are generated but no
further multiplication occurs because of the low intensity of the electric field;

¢ The multiplication region within the GEM foil holes, where the large differ-
ence of potential applied between the two faces of the foil creates a high field
in the holes, such that ionizing collisions, with the molecules of the gas fill-
ing the structure, can occur. A sizeable fraction of the electrons produced in
the avalanche leaves the multiplication region and transfers into the lower gap
structure, while ions are recollected by the amplification and drift cathodes,
minimizing space charge problems;

¢ The induction region, finally, where the overall charge moves towards the
readout anode without further multiplication inducing the readout signal until
charge collection occurs.



1.5. GEM detectors 19

After the first GEM foil, electrons can also be injected into other multiplying sections
before reaching the induction region. This gives great flexibility of use to the detec-
tor, exploited to achieve higher gains and better performances. The thin polymer
foils can be shaped to match the experimental requirements.
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FIGURE 1.11: (A) Electron microscopic image of a section of a GEM electrode, 50 um
thick. The holes’ pitch and diameter are 140, 70 pm (external diameter) and 50 um (ex-
ternal diameter), respectively; (B) Electric field near a GEM electrode.

1.5.2 Basic GEM operation

Unlike other gaseous counters, the (negative) signal on the GEM anode is induced
only by the collection of electrons, without a contribution from the slow positive
ions, making the device potentially very fast. Moreover, the moderate field between
multiplying and sensing electrodes reduces the probability of the propagation of a
discharge to the fragile front-end readout electronics. To perform localization, the
anode can be patterned with strips or pads.

The diameter and shape of the holes have a direct influence on the performance and
long-term operation stability of a detector. It was found already in early studies [33]
that to ensure high gains, the optimum diameter of the holes should be comparable
to the foil thickness. Indeed, while narrower holes result in larger fields for a given
voltage difference, losses on the walls and charging up compensate for the increased
gain. Since a field-dependent fraction of the multiplying electrons is collected on the
lower face of the GEM electrode, the effective gain, defined as a ratio of detected to
primary charge, is lower than the real gain of the multiplier.

The typical values of the electric-field intensity in a GEM for typical operating con-
ditions are: ~2kV cm ™! in the drift region, ~6kV cm ™! in the induction region and
~50kV cm~! in between the GEM holes, where avalanche multiplication occurs [34].
Above approximately 8kV cm™!, avalanche multiplication begins in the induction
gap; even if it would be exploitable to attain higher gains, this is not a desirable
feature since it might help in propagating a discharge through the structure. An
important parameter for a GEM detector is the transparency, namely the fraction of
ionization electrons transferred through the GEM foil; it depends on the drift field,
decreasing at high values due to losses to the top GEM electrode, as seen in Figure
1.12A for a "standard" geometry (70 pm holes at 140 pm pitch) at increasing values of
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the GEM voltage; the initial loss at low fields is due to electron capture and diffusion.
Transparency losses are important in determining the energy resolution, and directly
affect the detection efficiency. The maximum proportional amplification that can be
attained before discharge depends on the GEM manufacturing quality since a single
local defect can affect the whole electrode. While for small sizes with a thorough
selection of the electrodes, an effective gain above 103 can be obtained, for larger
areas, instead, these conditions are seldom realized and it is preferable to adopt a
multi-GEM structure to safely reach larger amplification.
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FIGURE 1.12: (A) Electron transparency of a standard GEM electrode as a function of
drift field for fixed induction field and several values of GEM voltage. (B) Schematics of
a triple-GEM detector, including an electron avalanche.

1.5.3 Multi-GEM Assemblies

Single-GEM electrodes can reach gains above 10° when tested in favourable labora-
tory conditions. However, when exposed to high rates or harsh beam environment,
they tend to discharge at lower values of gain. GEM electrodes can be assembled
in cascade, achieving large amplifications at moderate operating voltages for each
element; this results in a substantial reduction of the discharge rates for equal gains.
While double and triple GEM devices are the most widely used, cascades up to five
electrodes have been tested [35, 36]. Figure 1.12B shows schematically a triple-GEM
assembly, with three identically mounted GEM foils at short distances, typically 2-
3mm; The resistive high-voltage distribution is the simplest and most widely used,
although individual cascaded power supply systems have been developed allowing
more flexibility in the choice of the voltage sharing. The dependence of effective gain
on voltage is shown in Figure 1.13A for single-, double- and triple-GEM assemblies.
For convenience of operation, the voltage applied to each foil is usually identical,
but a small unbalance between the foils, with the first GEM operated at higher gain,
favors the reduction of the discharge rate. The dashed lines in the figure denote the
measured discharge probability on exposure to an external alpha particles source;
for a triple-GEM, the onset of the discharge occurs at a gain above 10%, thus, when
working at higher gain, like in CMS GEM (G~2 x 10%), several strategies are adopted
to mitigate the damage caused by discharges, like the introduction of protection re-
sistors [37]. In multiple structures, while the GEM voltages determine the gain of
the device, the electric fields in the transfer and induction gaps control the flow,
spread and collection of the electron and ions charges. Increasing the field below a
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GEM electrode increases the electron current extracted from the foil, but decreases
the current injected into the following foil; at each transfer, part of the charge is lost
to the electrodes. A thorough optimization of the various field intensities permits to
achieve the optimum operating performances in terms of gain, ion backflow reduc-
tion and discharge.

In a multi-GEM structure, the various electrodes collect the amplified charges (elec-
trons and ions) resulting from the multiplication and drift processes in field-depend-
ent relative proportions. The anode, final electrode in the structure, only gathers the
electrons leaving the last GEM in a cascade; the induced negative signal is there-
fore very fast, as its width corresponds to the drift of the high-mobility electrons
over a few millimeters. For multi-GEM structures, the width of the collected charge
increases due to diffusion between the foils, permitting the use of coarser readout
strips while ensuring charge sharing.
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FIGURE 1.13: (A) Effective gain of a single-, double- and triple-GEM detector measured
on soft X-rays. The dashed lines are discharge probabilities on exposure to an internal
alpha particle source. (from [38]) (B) Effective electron and ion gains and ions” backflow
fraction as a function of X-ray flux measured with a TGEM. (from [39])

1.5.4 Rate Capability and Radiation Resistance

In gaseous counters, the positive ions generated in the avalanche process slowly re-
cede to the negative electrodes until neutralized or collected; the accumulated space
charge modifies the electric fields, resulting in a reduction of gain and distortions
above a certain value of radiation flux. In multiwire proportional chambers, this
limit is attained at around 10* particles per second per mm?. In GEM detectors,
the rate capability is improved by several orders of magnitude owing to the fast
collection of most ions by the electrodes and to the screening effect from external
influence due to the confinement of the avalanches in the holes. The proportional
gain, measured on a single GEM exposed to a soft X-ray generator, remains constant
up to a flux above 10 Hz/mm?. A systematic study of rate dependence of gain in
multi-GEM devices in a range of operating conditions and geometry has shown a
tendency of the gain to increase at very high rates, due to space-charge field distor-
tion induced by the positive ions. Simulation studies [40] have succeded in explain-
ing this peculiar behavior as due to the high density of positive ions accumulating
near the bottom of the holes. As seen in Figure 1.13B, at very high rates, while the
gain increases, the ion current measured on the cathode and the corresponding ion
backflow fraction decrease, a behavior well reproduced by simulations.
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1.5.5 Discharges and Breakdown

As most gaseous detectors, GEM devices tend to discharge when the voltage is in-
creased over a threshold value, thus limiting the useful range of operation. Depend-
ing on the available energy and external resistive protections, the discharge can be
bland or evolve in a more disruptive spark breakdown. While discharges are gen-
erally observed in the electrode with the highest amount of charge (the last in a cas-
cade), the discharge can propagate to other electrodes, and in particular to the anode
for high value of the induction field. Disregarding spontaneous breakdowns due to
local defects, two major sources of discharges have been identified: high radiation
fluxes and large, albeit rare, energy losses by heavily ionizing particles. In either
case, a transition from a proportional avalanche regime to a streamer and then to a
spark is observed when the released charge exceeds around 107 ions and electrons,
i.e. the Raether limit. The discharge can be initiated by any GEM foil in a cascade,
and propagate through the structure. For high values of the induction fields, it can
continue to the anode. The process of this so-called secondary discharge propaga-
tion is crucial due to the danger of exposing the sensitive read-out electronics to
irreversible damage.

1.5.6 Ageing

Under sustained irradiation, gaseous detectors can be subjected to the so-called age-
ing, a permanent damage of the electrodes, resulting in a progressive deterioration
of performances. The main cause of ageing is the growth on the electrodes of thin
insulating layers resulting from the polymerization in the avalanche process of or-
ganic gas molecules or pollutants released by the manufacturing materials. The for-
mer typically occurs in gas with H-content, otherwise the latter is dominant, e.g. in
Ar:CO; mixtures.

GEM structures, not depending on the field strength close to thin electrodes for am-
plification, are expected to have a reduced sensitivity to the presence of deposits;
this has been verified experimentally with long-term irradiation studies. Motivated
by the requirement to improve the time resolution, the addition to the gas mixture
of carbon tetrafluoride, owing to its well-known etching properties, extends the de-
tector lifetime up to and above a collected charge of 20 Ccm ™2 [41]. The use of CFy
requires, however, special precautions, due to its reactivity of the fluorine liberated
in the avalanches with water to form HF one of the most aggressive acids for many
materials [42]. In the development of the forward muon tracker for CMS exposures
to various fields of radiation has confirmed the long-term survivability of large GEM
prototypes [43].

1.6 Performance of Gaseous Detectors

The performance of a gaseous detector depends on a multitude of factors, from the
geometry, as previously mentioned, to the readout electronics. In particular, in this
section, the impact of the gas choice will be discussed, together with general features
related to spatial resolution and timing resolution.

1.6.1 Impact of the gas choice

The choice of the gas is crucial in determining the performance of the detector, in-
deed several criteria must be taken into account. In the present section, the impact
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of gas choice in proportional counters is discussed. RPC gas choice has been al-
ready outlined in Section 1.3.5. As mentioned before, the energy loss by a traversing
particle in a gas does not contribute only to the ionization of the medium, because
of the non-radiative interactions. To increase the energy loss in the former process,
gases with high ionization density are preferred. This feature belongs, in particu-
lar, to noble gases argon, krypton and xenon. Also, charge losses must be avoided,
thus electronegative gases cannot be considered as main components of a chamber
gas. There may be specific cases where exceptions arise, such as in negative ion drift
chambers [44].

In order to minimise sparking and leakage currents, which occur in particular near
the mounts of the electrodes, the potential differences between electrodes should be
as low as possible. A high amplification at a relatively low voltage is provided by
the noble gases helium, neon, argon, krypton and xenon, whose thresholds for gas
amplification lie at a field strength of about 50kVcm~!. In general, argon gas is
the preferred gas for detectors with gas amplification in the proportional regime, be-
cause it is the best compromise between costs and ionization density. However, very
strong diffusion and an unstable behavior of the gas amplification make it necessary
to use argon in admixtures with quenchers.

Unstable behaviors in gas amplification stem from the inability of photons gener-
ated during the amplification process to be absorbed, enhancing the avalanche-to-
streamer transition. The solution of the problem consists of adding to the noble
gas, mostly argon, a quencher. Usually one uses hydrocarbons and CO,. These
molecules have a broad spectrum of rotational and vibrational states which can be
excited by the absorption of photons but which release excitation energy preferen-
tially in non-radiative processes. Although hydrocarbons have better properties as
quenchers, they can cause polymers to deposit on electrodes, thus altering the de-
tectors’ characteristics and reducing their lifetime.

1.6.2 Spatial resolution

The spatial resolution of a detector depends on the segmentation of the readout elec-
trodes: the anode wires in MWPCs and strips along the anode plane in RPCs. In par-
ticular, defining the x-axis as the direction perpendicular to the wires (strips), if upon
the passage of a particle exactly one wire (strip) with the coordinate x, fires, then
the point of passage must lie within x, & p/2, meaning within an interval Ax = p,
the wire spacing (strip pitch). If all passage points near a wire occur with equal
frequency (uniform distribution) then the standard deviation, corresponding to the
resolution of the measurement device, is given by:

Ax
V12

Often several wires (strips) respond, in particular, if a track does not pass perpen-
dicular to the detector plane. In order to assign an x coordinate of the crossing point
of the track with the anode plane, the center of gravity of the x coordinates of the
hit wires (strips) is calculated. Depending on the type of readout (either analog or

(1.12)
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digital !), its computation and the related uncertainty change. If the readout is dig-
ital, the center of gravity coincides with the geometric center of the wires” (strips’)
cluster, while if the readout is analog, the center of gravity is weighted on the charge
induced on the wires (strips) of the cluster.

1.6.3 Time resolution

Time resolution is correlated to two key parameters [45]: the signal-to-noise ratio
(S/N) and the slew rate (dV/dt), i.e. how fast the signal rises. Figure 1.14 reports a
schematic view of the basic elements used to perform time measurements.

—e
START

O o= l\ l\ .
| Vv I{ "l/‘ \j/ ‘|_|- STOP

th

Detector Amplifier Discriminator TDC

FIGURE 1.14: Schematic view of the basic elements of a time measurement chain.

The detector when traversed by an avalanche-generating particle can be, in general,
represented as a current generator (I) in parallel to a capacitance (C;). The measure-
ment chain typically foresees an amplifier, used as signal shaper, a discriminator,
used to compare the signal to a reference level (Vy;,) and to convert it to a logic sig-
nal, and a Time to Digital Converter (TDC) to measure time intervals. Taking into
account these basic elements the time resolution of the system can be expressed as:

2 _ 2 2 2 2
Ot = Ointrinsic T Utimeslewing + Ujitter +0rpC (113)
where:
2 . . . . o .
® 0 insic 18 the uncertainty linked to the physics processes characterizing the

specific detector.

* 02 ddewin o 1s the term related to the time slewing effect caused by the com-

parison of the signal with a fixed threshold voltage. Even if two signals, with
different amplitudes, arrive at the same time, different shapes of the rising
edge can cause the two signals to be detected at two different times. The time
slewing effect can be reduced both by increasing the slew rate and reducing
the threshold, if the noise allows to do so.

‘T]'Zitter stems for the fluctuation of the time of crossing threshold caused by the
intrinsic noise.

* 02, corresponds to the uncertainty introduced by the time digitization per-
formed by the TDC. Assuming, in the simplest of cases, that such a device is
a counter of internal clock cycles of period At, the time delay between a start

1In the analog readout the induced signal is read as it is, so its shape can be used to infer more
precisely the position of the traversing particle; in the digital readout a logic 1 is returned if the signal
exceeds a certain threshold.
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event and a stop event is given by an integer n representing the number of
clock cycles between the two events. The time resolution associated with TDC
is 0 = At/+/12, and its contribution is typically small, indeed for a At =25 ps
itis of 7 ps.

Let us briefly outline the typical values of the intrinsic time resolution for the most
employed gaseous detectors.

For MWPCs, the intrinsic time resolution is mainly determined by readout signal
formation. In fact, because of the varying distances of the tracks from the anode
wire and because of the statistical distribution of the electron drift times, the signal
times lie typically in an interval of 100 ns after the particle has passed the layer. The
time stamp estimated above could be shortened forming a logical OR of signals from
neighboring layers and using as a time stamp the time of the earliest hit, thus reach-
ing resolutions around 10ns [8].

In RPCs, the amplitude of a signal depends on the distance of the ionization from
the anode, as the electric field is homogeneous. Hence, intrinsic time resolution is
dominated by the fluctuations in time occurring when a signal crosses the thresh-
old value. For trigger RPC a typical time resolution of ~1ns is reached. In order
to further improve the time resolution of RPCs, so-called multi-gap RPCs have been
proposed with multiple avalanches inducing signals on the same readout strip [46].
The time resolution improves with the number of gaps decreasing under 100 ps
Regarding GEMs, the time performance of a GEM-based detector for a MIP is cor-
related with the statistics of the position of formation of the primary clusters in the
drift gap [47, 48]. The general expression for the space-distribution of the cluster j
created at a distance x from the first GEM foil, is [10]:

A - i —fix
Al(x) = i’7e (1.14)

where 7i is the average number of clusters created per unit length. For a given drift
velocity in the drift gap, v;, since the statistics of ionization follows a poissonian
distribution, the probability-distribution of the arrival times on the first GEM for the
cluster j gives:

Pj(td> = A?(Z)dtd> . (115)

Specifically for the cluster produced closest to the first GEM, that is the one created
closest toit, (j = 1):

_ 1
Pl(td) = fi - e Mala = Ul(td) = —

— (1.16)

The latter gives the intrinsic value of the time resolution of the detector if the first
cluster is detected and returns a time stamp (i.e. exceeds the discriminator thresh-
old). A high primary ionization (#) and a fast (v;) gas mixture should be chosen
in order to improve the time performance of a GEM detector. For an Ar:CO,(70:30)
gas mixture (7 = 100cm ') in a 3kV cm ™! electric field (v; = 1-2cmps™!), and, the
intrinsic time resolution is approximately cggm ~ 5-10ns.
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Chapter 2

The CMS experiment

GEM detectors play a central role in the upgrades foreseen for the CMS experi-
ment in the new high-luminosity environment characterizing the upcoming HL-
LHC project. Due to their outstanding rate capability and long lifetime, three sta-
tions of GEM detectors (GE1/1, GE2/1, and MEQ) will be added to the CMS muon
system, in order to maintain its current trigger performances and increase its pseu-
dorapidity coverage. MEO station will be installed in a currently instrumented re-
gion closest to the interaction point; The high rate of background particles foreseen
in such a region - unprecedented in the CMS muon system - makes it a particularly
challenging station and in need of a specific R&D process.

The present chapter firstly outlines the current design and characteristics of the CMS
experiment, and the main modifications it will undergo according to the Phase-2 up-
grade plan. Then, a more detailed description of the muon system upgrades is pro-
vided, highlighting the motivations under the choice of introducing the three new
GEM stations.

2.1 General design and characteristics

The CMS detector [49] is schematically depicted in Figure 2.1. It has a cylindrical
shape with total dimensions of 21.6 m in length and 15 m in diameter. Its weight
amounts to about 12500 tons. Due to the high symmetry of the collision topology,
this particular shape grants to cover the largest variety of trajectory directions of the
generated particles.

The entire structure is divided into three main blocks: the central barrel and two
endcaps. Each part of CMS is composed of several layers of detectors with specific
roles in measuring the particle properties. The inner part of the solenoid contains the
silicon tracker system for measuring the trajectories of charged particles (starting
point, direction and momentum) and for identifying vertices. At a larger radius,
still inside the solenoid, the electromagnetic calorimeter identifies and measures the
energy of electrons and photons, while hadrons and jet properties are measured
in the hadronic calorimeter. The muons, finally, are identified and their track is
sampled with gaseous detectors placed outside the solenoid and sandwiched in the
magnetic flux return yoke.

2.1.1 The Silicon Tracker

The silicon tracker has a total length of 5.8 m and a diameter of 2.5 m, covering
the pseudorapidity range of || < 2.5. A high granularity is required to reduce
occupancy and improve spatial resolution to cope with high particle fluxes during
collisions. In the barrel, four layers of pixel detectors are employed close to the beam
pipe, followed by silicon strips arranged in four inner and six outer layers. In the
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FIGURE 2.1: Schematics of the CMS detectors.[50]

endcaps, two layers of pixels and three inner and nine outer layers of strips are used
to track the decay vertices and the paths of the particles generated in the interac-
tions. Overall, the system comprises 65 million channels for the pixels and 10 mil-
lion channels for the strips. For low energy or low transverse momentum hadrons
(1GeV < pr < 10GeV) the reconctruction efficiency is around 85%. For higher en-
ergies (pr > 10GeV), it becomes 95%. For electrons the efficiency is estimated to be
around 90%, and 98% for muons. In the region || < 1.6, the precision on the muon
transverse momentum measurement is o(dpr/pr) < 2% up to pr = 100 GeV.

2.1.2 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) is designed to perform energy measure-
ments for electrons and photons with precision up to 1% and, working in a team with
the hadronic calorimeter, also for hadronic jets. It utilizes inorganic crystals made of
PbWOQy. This material has been selected because of its small Moliére radius, its short
radiation length, its radiation hardness and the very short scintillation-decay time.
To collect and read the scintillation light produced, avalanche photodiodes are used
for the barrel crystals, while vacuum photo-triodes are employed in the endcaps.

2.1.3 Hadronic Calorimeter

The hadron calorimeter (HCAL) is used to determine the energy of the hadronic jets
and to estimate the missing transverse energy in the events. A sampling calorimeter,
composed of alternating layers of brass absorber and active plastic scintillator, has
been chosen. The hadron calorimeter covers the pseudorapidity region || < 3.2;
in addition, the forward hadron calorimeter extends the angular acceptance up to
| <5.2.

2.1.4 The solenoid magnet

The CMS superconducting magnet has a length of 12.9 m, an inner diameter of 5.9 m,
and a magnetic field of up to 4T in the inner part and residual 2T in the returning
iron yoke. In normal operations, the magnetic field is about 3.8 T. This provides
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the bending of particle trajectories in the transverse plane, obtaining less than 5% of
charge misidentification for muons with pr < 200GeV, o(épr/pr) ~ 1% for pr =
100GeV and less than 10% for pr < 1TeV for combined inner tracker and muon
system measurements.

2.1.5 The Muon System

The particles that can traverse the entire ECAL and HCAL without being stopped,
such as muons with pr > 3 GeV, are measured in the outermost group of subdetec-
tors of the CMS experiment: the muon system. It is constituted by four stations in the
barrel and four disks in both endcaps, covering the range || < 2.4. In Figure 2.2,
the muon system is shown.

The CMS muon system is a robust and redundant muon spectrometer that can
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FIGURE 2.2: Transverse section of one quadrant of the CMS detector showing the
present muon system and the proposed locations for the triple GEM detectors. (Source:

[51])

provide precise identification and high-resolution pr measurements thanks to four
different types of gaseous detectors. Drift Tube Chambers (DTs) are employed in the
barrel region (|| < 1.2) where the occupancy is low and there is a very low residual
magnetic field in between the yoke iron. Cathode Strip Chambers (CSCs), faster and
more radiation resistant, have been chosen for the two endcaps (0.8 < || < 2.4) to
cope with higher particle fluxes and non-uniformities in the magnetic field. Both
DTs and CSCs have a spatial resolution of around 100 pum. Resistive Plate Cham-
bers (RPCs) complement DTs and CSCs in both regions up to || < 2.1, in particular,
thanks to their excellent time resolution (their spatial resolution is of a few cm), they
identify muons from collision events with a precision of a few ns. In the range 1.5
< |n| < 2.8, Gas Electron Multiplier (GEM) detectors are planned to be installed to
complement CSCs and RPCs in triggering and tracking, for redundancy purposes.
The inner tracker precision is the most relevant for muons with pr <200 GeV. This is
due to the multiple scattering that muons experience when traversing the calorime-
ters, the coil, and the iron yoke. For muons with higher transverse momenta, the full
system resolution takes advantage of the inclusion of the system, improving tracker
resolution.
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2.1.6 Trigger and DAQ

The CMS Trigger and Data Acquisition System (TriDAS) [52] plays an essential role
because both the collision and the overall data rates are much higher than the rate at
which one can write data to mass storage. At LHC, the proton beams will cross each
other at a frequency of 40 MHz. At the Run-1 design luminosity of 10 cm 257!
each crossing results in an average of ~ 20 inelastic pp events producing approxi-
mately 1 MB of zero-suppressed data. CMS TriDAS is split into two steps, Level-1
Trigger and High Level Trigger, to reduce the data rate by a factor 10° to a maximum
of 100Hz and 100MBs~!.

The required time for any primary decision to discard data from a particular beam
crossing is of 3.2 us (128 x25ns), set by the constraints imposed by the physical size
of the CMS detector and underground caverns and by the electronic technology em-
ployed. During this 3.2 pus period, the Level-1 Trigger system (or "L1T") performs a
primary selection of data. It is hardware-based and collects data with coarse gran-
ularity from the front-end, then it develops and propagates decisions made via cus-
tom electronics to the readout electronics front-end buffers; This first step is designed
to reduce the rate of events accepted for further processing to less than 100 kHz. The
High-Level Trigger (or "HLT") works at a software level and is designed to reduce
this maximum Level-1 accept rate of 100 kHz to a final output rate of 100 Hz.

2.2 CMS Phase-2 upgrade

The HL-LHC - scheduled to start in 2029 - will allow precision studies of electroweak
symmetry breaking and new physics via quantum loops. Higgs boson couplings
will be measured to a few percent precision; rare Higgs decays (such as H — cc),
di-Higgs production and longitudinal vector boson scattering will become more ac-
cessible. For this to happen with 14 TeV collision energy, a 10-fold increase of inte-
grated luminosity to 3000 fb~ ! until the early 2040s is required [53]. It translates into
a luminosity of 300-400 fb ! per year. HL-LHC will, then, deliver an instantaneous
luminosity of 5-7.5 x 103 cm 2 s~ 1. These conditions correspond to a number of si-
multaneous collisions (pileup) per bunch crossing (BX) of 140-200. This increase in
pileup collisions per BX makes data collection in HL-LHC physics program a chal-
lenging task. Therefore CMS will undergo a massive upgrade, namely the Phase-2
upgrade, that foresees a redesign of both the trigger architecture and the detection
apparatus.

Firstly, the hardware-implemented Level-1 Trigger [54] will go through three major
innovations:

¢ Track Trigger path: track primitives are produced in the tracker back-end from
the information of the outer tracker only; these are, then, used by the Global
Track Trigger (GTT) to reconstruct vertex and track-only objects and associate
muon and calorimeter deposit matching. This path is crucial in identifying PU
contribution and reducing the L1T.

¢ Particle Flow Trigger path (or Correlator Trigger): it receives information from
Calorimeter, Track and Muon Trigger paths and exploits it to implement a PF-
like processing.

* Scouting system: it guarantees the ability to perform trigger-less analysis of
L1T data profitting from spare optical links.
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This new L1T architecture comes with an increased latency of 12.5 pis, correspond-
ing to roughly three times the Phase-1 latency. The increase is due to the Track Trig-
ger path hardware reconstruction and matching time. The output bandwidth is of
750kHz, being 7.5 times larger than the Phase-1 output rate.

Concerning the detector systems, several changes are scheduled in the Phase-2 up-
grade project, due to the limitations of existing detectors in the increased luminosity
environment.

In the tracking system, both the strip trackers and the pixel detectors (already sub-
stituted once in Phase-1) will have to be replaced due to the significant damage and
performance degradation they would suffer from during operation at the HL-LHC,
and to cope with more demanding operational conditions. The requirements are ex-
tensively outlined in reference [55]. Closest to the beam pipe, the Inner Tracker (IT)
will be made of 2 billion hybrid micropixels of 25 pm x100 um. The newly designed
Outer Tracker (OT) consists of 43 million microstrips and 170 million macropixels.
The OT will provide input at 40 MHz to the L1T.

In the calorimeter system, the major upgrade is in the endcaps, where the High Gran-
ularity Calorimeter (HGCal) [56] will be installed, replacing the existing calorimeter
system. It will be the first imaging calorimeter at a high-PU hadron calorimeter, de-
signed to provide precision particle flow reconstruction improving the sensitivity for
vector boson fusion and scattering and allowing more precise reconstruction of jet
substructures, as well as, through its timing capability, to extend the reach for long-
lived particle searches. The system employs a mixed technology: 6 million Si sensor
channels in the region closer to the interaction point, and 250000 scintillator tiles
read out by SiPMs in the lower fluence hadronic region. Absorbers of Pb, Cu, and
Cu-W are used in the EM section, while in the hadronic section steel is used. With
the installation of this new calorimeter, space will be freed behind it for additional
instrumentation, introducing the possibility to add a new - closest to the interaction
point - muon station, MEO.

Finally, in the next section, the CMS Phase-2 upgrade of the Muon System will be
presented.

2.3 CMS Phase-2 upgrade of the Muon System

The muon detectors play a central role in CMS, thanks to the muon’s low cross-
section of interaction with the matter. In fact, muons can be identified and measured
individually and accurately, as they stand out from the large hadronic background
typical of hadron colliders, mostly stopped by the calorimeters. In addition, the
most sensitive signatures of the production of new particles often include one or
more muons.

Among the different parts of the CMS muon system, the forward region is partic-
ularly challenging for muon detection: on one hand, relatively light particles to be
studied or searched for are produced predominantly with high pseudorapidities; on
the other hand, backgrounds are the highest. HL-LHC project makes such region
even more challenging. Therefore, to maintain the present excellent performance of
the CMS muon system within large geometrical acceptance, several measures must
be undertaken.

Under the foreseen luminosities at the HL-LHC, the event pileup (PU) will rise
substantially to become a major challenge for the experiments. At the nominal
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luminosity of the HL-LHC, the average number of interactions in a single cross-
ing is approximately 140 [5], compared to the average Run-3 LHC pile-up of 50 (@
2 x 10** cm~2s71) [57]. This higher pile-up yields an increase of the rate of secondary
particles. Such a high rate is a major challenge for particle detectors. As it was not
foreseen in the planning phase of the LHC in the 1990s, now detectors and electron-
ics must be upgraded to handle this rate, using the latest technology. In addition,
new requirements on the Level-1 trigger and the data acquisition in terms of latency
can only be met with new electronics with deeper buffering and faster processing.
Moreover, even if the aging of high-tech components over the long lifetime of the
CMS detector of about 30 years (2008-2038) was already taken care of in the LHC
planning phase, the longevity is further compromised by the increased particle flux.
A higher rate of interacting particles enhances radiation damage to detectors as well
as electronics, shortening life expectancy even more. Since all present gaseous de-
tectors and a large fraction of their electronics are expected to stay also for HL-LHC,
their longevity must be validated. Aging electronics parts need to be replaced by
new components, if possible exploiting technology advancements.

As a consequence of the increased luminosity, in Phase-2 the background induced
by neutrons and low energy gammas, and the large number of particles crossing the
CMS detector quasi simultaneously, will be very high. This makes the association of
individual hits to tracks - and thus the event reconstruction - a major challenge, both
for the muon trigger and the offline analysis. It can be met only if the number of hits
recorded for a single particle is sufficiently large, and if both the spatial and the time
resolution are very good.

Regarding the trigger, the standalone muon trigger capabilities are important for re-
constructing long-lived BSM particles decaying into muons outside the inner tracker.
In these scenarios, neither a vertex constraint nor the trigger information from the
tracker can be exploited. Standalone muon triggering requires good measurement
of the track bending to determine the momentum, which is possible only with sev-
eral independent direction measurements, for which the additional muon chambers
in the endcap regions are essential.

Moreover, the extended coverage of the Phase-2 inner tracker in the very forward re-
gion reach-es || = 4, well beyond the current muon detector acceptance of || < 2.4.
The enlarged 7 range of the new tracker needs to be matched by a muon detector,
since the silicon tracker alone cannot identify muons. The increase in acceptance is
particularly rewarding for multi-lepton final states, for example, Higgs boson decay
to four muons.

Finally, another challenge to be addressed in the muon upgrade is the set of new
environmental restrictions on the use of fluorine-based gases. In order to comply
with these constraints, the release of greenhouse gases into the atmosphere should
be substantially reduced. Ideally, the gas mixtures of some CMS muon detectors are
supposed to be adapted, but this is still not required for the very next runs, because
a difference in the gas mixtures implies a difference in the HV working point, and
such power supplies have not been developed yet.

2.3.1 Upgrade of the electronics of existing muon detectors

The existing DT, CSC, and RPC detectors are all essential for identifying and measur-
ing muons at the required precision and accuracy needed to fulfill the CMS physics
program. Therefore, their electronics need to be upgraded to fit with the new la-
tency and it must be guaranteed that their performance will be sustained at high
luminosity.
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Drift Tube chambers

According to HL-LHC predictions, the maximum hit rates in the DT chambers will
be about 50 Hzcm ™! [6], and measurements performed in test beams, with spare
detectors, show that the DT chambers can handle the hit rate expected. Only in the
MBL1 stations in the outer wheels and in the MB4 detectors, a significant drop of
the hit efficiency is predicted, due to the decrease of the gas gain caused by deposits,
forming on the anode wires. The large number of hits measured for each muon track
ensures that even a 50% per-layer loss in DT efficiency translates into a small reduc-
tion in track reconstruction efficiency. Moreover, the DT front-end electronics and
high voltage boards are sufficiently radiation-hard and do not need to be replaced.
Nevertheless, upgrades are needed for the Minicrate electronics (MiC), which are
attached to each chamber and host readout and trigger electronics. The current ver-
sion (MiC1) needs to be replaced for HL-LHC operation by improved Minicrates,
because of the limited maximum Level-1 trigger rate, below the Phase-2 CMS re-
quirements, and the insufficient radiation hardness of some electronics components.
Accordingly, the Phase-2 upgrade foresees a reduction of the Minicrate functional-
ity, with the displacement of the trigger and event-building logic to the back-end
electronics, in the CMS underground control room. As a consequence, the new Min-
icrate (MiC2) will be able to cope with the Phase-2 conditions in terms of latency,
readout rate, and trigger rules.

Cathode Strip Chambers

The Cathode Strip Chambers (CSCs) cover the CMS endcap regions corresponding
to 0.9 < || < 2.4, and, as a result, the radiation dose they are subjected to is sig-
nificantly larger than for the muon chambers located in the barrel, with a predicted
maximum hit rate of 4.5kHz cm ™. Longevity tests have shown no significant dete-
rioration of key chamber parameters such as gain, detection efficiency and spurious
signal rates. Nevertheless, EU regulations of greenhouse gases will severely restrict,
or even ban, the use of CF4, which has a critical role in the longevity of CSCs. Ac-
cordingly, tests with ecologically-friendly substitutes are ongoing. While the CSC
modules are expected to provide satisfactory performance throughout the HL-LHC
program, some CSC read-out electronic boards will need to be replaced in order to
handle the new longer latency. The new electronics will consume more power which
will require the redesign of the LV system with higher maximum currents and ap-
propriate voltage levels. Higher background rates and the need for a more accurate
monitoring of CSC currents will also imply an incremental upgrade for the present
HYV system.

Resistive Plate Chambers

For the RPC system, two upgrades are foreseen: a new link system for the current
RPC chambers and two new RPC stations (RE3/1 and RE4/1) to be added. Regard-
ing the current RPC system, the RPC chambers can operate until the end of Phase-2,
but the link system, which connects the front-end board to the trigger processors,
must be exchanged. The maximum estimated background rate for the ultimate HL-
LHC luminosity is approximately 200 Hzcm ™2 for the present RPC chambers [6].
In such an environment, it has been proved, via dedicated test beam measurement,
that RPC performance remains good and the chambers do not need to be replaced.
RPC electronics board including front-end electronics are evaluated to be radiation
hard and can stay for the Phase-2 running. The data from the RPC front-end boards
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are sent to trigger and readout via a link system. The current link system is made
of electronic boards using obsolete IC components, most of them not available any-
more in the market. These boards have also weak electronics components that can
be disturbed by electromagnetic noise and that are not certified for the full HL-LHC
lifecycle. The upgrade of the link system will make the RPC system robust against
such effects. In addition, the upgraded system will exploit fully the intrinsic time res-
olution of the RPC chambers, which is of the order of 1.5ns. The present link system
records the hit time in steps of 25ns, synchronized with the LHC bunch crossings.
This limitation can only be removed by exchanging the existing link system by an
upgraded one. An improvement of the RPC time resolution by more than one order
of magnitude allows to enhance background hit rejection, to trigger on slow heavy
stable charged particles, and to facilitate the RPC system synchronization.

2.3.2 New detectors for the Phase 2 upgrade of the muon system

A major challenge at the HL-LHC is the reliable triggering on muons in the very
forward regions, which suffer from high muon and background rates and reduced
magnetic bending. The number of hits measured per track must be increased to
enhance the redundancy of the muon system and to obtain a robust track recon-
struction, including rejection of wrongly reconstructed tracks, already at the Level-1
trigger. The existing muon stations ME1/1 and ME2/1, where the bending angles
are largest and thus momentum determination is most effective, will be equipped
with GEM detectors denoted GE1/1 and GE2/1. In the third and fourth muon sta-
tions, improved RPC (iRPC) detectors, RE3/1 and RE4/1, will provide the needed
redundancy at relatively modest cost. The MEO chambers, also using GEM technol-
ogy, will extend the acceptance of the muon system further to |77| = 2.8, by providing
hits for triggering and for offline muon reconstruction.

iRPC detectors: RE3/1 and RE4/1

The muon RPC upgrade extends the geometrical acceptance of the RPCs from |7|=1.9
to 2.4 with two additional stations RE3/1 and RE4/1, that will complement the
CSC stations ME3/1 and ME4/1 enhancing the local muon measurements provid-
ing more track hits and a larger lever arm. Such an improvement, together with a
better time resolution, increases the accuracy of the pr assignment when RPC and
CSC data are combined. Hence, the Level-1 muon trigger rate is able to suppress
low-pr tracks, whose mismeasurement could cause a saturation of the trigger rate.
The expected maximum rate is 700 Hzcm 2 and it needs an upgrade of the current
RPCs employed, i.e. the so-called improved RPCs (iRPC). The iRPCs are designed to
reach a higher rate capability and are characterized by slower aging.

GEM detectors

The increasing luminosity causes an increasing rate of incident particles in the most
forward region of the CMS endcaps. These rates approach the capabilities of the tra-
ditional gaseous detector, like CSC and RPC detectors, so novel technologies should
be employed to instrument this challenging region of the apparatus. The introduc-
tion of micro-pattern gaseous detectors (MPGD) has provided new opportunities
for developing cost-effective muon detectors capable of efficiently detect muons in
high-rate environments. The CMS plan for the Phase 2 upgrade of the muon system
includes the installation of three new stations instrumented with GEM detectors.
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These three stations are GE1/1, GE2/1 respectively in the first and second sector
of the endcap, and MEQ, in a region of the first endcap sector that is currently in-
strumented with the HCAL but that will be freed with the installation of the new
HGCal. Figure 2.2 shows the exact location of the mentioned GEM stations; GE1/1
and GE2/1 systems will cover the forward pseudorapidity range 1.6 < || < 2.4 and
are aimed at improving forward muon triggering capabilities. The MEOQ detector is
not only the closest muon station to the interaction point, but also the first one to
cover the pseudorapidity range 2.4 < || < 2.8. Hence, MEQ aims to take advantage
of the extension of the CMS inner tracking capabilities in order to extend efficient
muon identification (and triggering) capabilities up to |1| ~ 2.8.

2.3.3 Maintaining existing trigger capabilities

HL-LHC luminosities will degrade the trigger capabilities of the muon system as
it is, so the Phase-2 upgrades come with the challenge of maintaining an efficient
and reliable triggering. With no upgrades, the muon trigger rates would increase
significantly, particularly in the region || > 1.6. The Level-1 muon trigger bases its
selection upon the observed bending of muon trajectories in the magnetic field. In
the forward part of the detector, at high || the magnetic field decreases increasing
the distance from the interaction point, resulting in a decreased bending of muon
trajectories throughout the endcaps and, consequently, a decreased p; resolution.
Additionally, many more soft particles will scatter off elastically in the muon system,
and, in particular, in the iron yokes. Multiple scattering causes the straightening of
the tracks, making low p; muons misinterpreted as high p muons by the CSC track
finder [58].

Therefore, the consequent degradation of transverse momentum resolution in the
forward region leads to a high trigger rate, due to the increased probability of low
transverse momentum particles being reconstructed as high transverse momentum
muons. This effect is enhanced by the HL-LHC increasing rate.

Novel strategies to maintain the existing trigger capabilities have been found. It has
been proved that an efficient low-rate muon trigger can be designed by combining
Level 1 tracking trigger (L1Trk) with Level 1 standalone muon trigger (L1Mu). In
particular, the strategy consists of three steps [59]:

1. find standalone muons, built from stubs in the muon detectors. This step en-
sures strong discrimination against non-muon background;

2. match L1 tracks to standalone muons, using the more precise momentum mea-
surement of the tracker. Being the major innovation of the Level-1 Trigger
system, the good transverse momentum measurement of the tracking trigger
eliminates mismeasurements that drive the high trigger rate;

3. isolate muons using L1 tracks.

However, this cannot be the only trigger path, because many new-physics scenar-
ios involve muons that are significantly displaced from the beamline, produced in
the decay of long-lived particles and, in those cases, tracks from the track trigger
cannot be reconstructed for muon having an impact parameter, ]dxy], beyond 1cm.
Standalone muons however can be reconstructed up to a transverse displacement
with respect to the beampipe, Lyy, of ~350cm and up to an impact parameter of
~100 cm. The strategy consists of requiring precision measurements of the muon di-
rection in at least two stations to measure momentum, using the DT stubs direction
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measurements in the barrel and the measurement of the bending angle from GE1/1-
ME1/1 (or MEO-ME1/1) and GE2/1-ME2/1. Additionally, a veto of the tracks from
the track-trigger extrapolated to the second muon station is employed to reduce the
trigger rate.

The standalone L1Mu trigger also provides an important complementarity as it can
reconstruct muons with transverse momenta below the L1Trk cut-off threshold of ~
2GeV [59], which is especially important for the scenarios of new physics involving
forward production where momentum is much higher than the transverse momen-
tum, e.g. T — 3u. Itis therefore planned that the Phase-2 muon trigger design
will utilize both L1Trk and L1Mu capabilities in designing specific trigger paths to
maximize the CMS physics reach.

Among the additional three aforementioned GEM stations, GE1/1 and GE2/1 are
aimed at improving the direction measurement when combined with, respectively,
the classical ME1/1 and ME2/1 stations, thanks to their good position resolution
and to the increased lever arm formed by the two couples of detectors. The mea-
surement of the candidates” direction in station 1 using the new GE1/1 and existing
CSC ME1/1 chambers provide an accurate measurement of the muon bending angle
that is almost not affected by multiple scattering, as illustrated in Figure 2.3A, result-
ing in a clear separation between soft muons (~5GeV) and hard muons (<20 GeV)
outlined in Figure 2.3B. This discriminates lower p; muons and reduces the soft
muon rate at the level-1 trigger, as it is illustrated in Figure 2.4A.
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FIGURE 2.3: (A) GEM and CSC systems in each station enlarge the lever arm for a
bending angle measurement unaffected by multiple scattering. (Source [60]) (B) GEM-
CSC bending angles for soft (5GeV/c) and hard (20 GeV /c) muons for odd-numbered
GEM chambers. (Source [58])

Figure 2.4B shows the measurements that can be performed in the Phase-2 upgrade
CMS muon system. In particular, the new GEM station provides direction measure-
ments within stations, improving Level-1 trigger p measurements. In particular, the
second overall station (GE2/1+ME2/1) serves redundancy purposes. The availabil-
ity of a second measurement of the muon direction further improves the efficiency
and increases the resilience and stability of the trigger in practical operations, en-
hancing its robustness.

The third station, MEO, among its multiple functions (discussed in Section 2.3.4),
is also designed to make the muon trigger match the track trigger coverage, |17| <
2.4 . Indeed, as the new GE1/1 detector can only extend to # ~ 2.15, the region
2.1 < |g| < 2.4 of the current detector coverage is left out. The new MEOQ detector,
positioned behind the new endcap calorimeter consists of six layers of triple-GEM
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FIGURE 2.4: (A) Trigger rate reduction with the deployment of muon direction mea-
surement using GEM GE1/1 and CSC ME1/1 chambers. (Source [51]) (B) Schematic of
the muon system measurements provided by the Phase-2 upgrade CMS muon system.
In particular, the new GEM stations introduce the direction measurements within sta-
tions. (Source [6])

modules capable of high-precision direction measurement and effectively serves as
the fifth station in this challenging region.

The availability of direction measurements in two stations allows the development
of new algorithms for trigger reconstruction and momentum measurements of muon
candidate directions, with the compatibility checking between the two directions re-
constructed. The two direction measurements are provided by ME1/1-GE1/1 and
ME2/1-GE2/1 pairs in the region 1.6 < || < 2.1 and by MEO-ME1/1 and ME2/1-
GE2/1 pairs in the region 2.1 < |y| < 2.4. The requirement that displaced muon
candidates are to be incompatible with any of the L1 tracking trigger candidates al-
lows a further large reduction in the trigger rate. Figure 2.5 shows the efficiency and
the trigger rate for a displaced muon trigger. The rate reduction due to the track trig-
ger veto ranges from a factor 3 to 8 depending on the working point and the muon
candidate |7|.

2.3.4 The MEO station: muon identification and triggering in the very for-
ward region

The baseline design of the MEQ detector station comprises 36 module stacks (18 per
endcap), each composed of six layers of triple-GEM chambers covering A¢ = 20°,
divided into 384 radial strips, and Ay = 0.8, divided into eight partitions. Figure 2.6
illustrates the insertion of the MEQ stacks into the endcap. The modules in each stack
are oriented upside-down with respect to the modules in the two adjacent stacks to
allow for overlap of modules and maximum coverage.

Its deployment will reinforce muon trigger in 2.0 < |y < 2.4 (as discussed in
Section 2.3.3) and extend current muon coverage into the region 2.4 < |y| < 2.8,
thereby reducing the non-instrumented area behind HGCAL. The primary chal-
lenge of designing MEO is efficiently identifying muons with a transverse momen-
tum much lower than their momentum while maintaining a low rate of background
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FIGURE 2.5: Efficiency (left) and trigger rate (right) for the displaced muon candidates.
The rates do not include the effect of the L1Trk veto, which, depending on the working
point, provides a factor of 3-8 reduction in the trigger rate at the cost of a 3-10% loss in
efficiency. (source [6])

FIGURE 2.6: 3D drawing of the insertion of two adjacent stacks of six MEO modules
(pink/brown) into the endcap nose. The rails for sliding the stacks into the endcap are
visible both on the nose (blue) and on the stack (orange). Note the alternating orienta-
tion of modules in the stacks. (source [6])

mis-identified as muons in the harsh HL-LHC conditions. A key feature of the MEO
design is multi-layer detection of charged particle trajectories with excellent ¢ res-
olution. This allows for the combination of a high precision ¢ trajectory measure-
ment with a less precise # position measurement into a coarse estimate of particle
transverse momentum. The quantity A¢ - defined as the fitted ¢ position of a MEO
segment at the first detector layer subtracted from its fitted ¢ position at the last
layer - is a powerful variable for identifying segments as likely originating from
high transverse momentum particles. The current benchmark for optimizing MEQ
reconstruction is identifying muons with transverse momentum greater than 3 GeV
(p 2 15GeV) at an efficiency of 95%. As the detector is effective in measuring mo-
mentum, it is capable of reconstructing segments with lower transverse momentum,
which is important for certain physics signatures, such as the lepton flavor violation
decay T — 3pu.

In this environment there are two distinct sources of background misidentified as
muons:

1. charged particles produced in PU interactions
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Baseline MEO performance is evaluated at 200 PU interactions per BX, result-
ing in ~ 1000 pixel tracks (pr >0.5GeV) per BX in MEO acceptance. This
large pixel track density can potentially lead to the reconstruction of misidenti-
tied muon candidates arising from the high combinatorics of background pixel
tracks and MEQ segments. The granularity of the MEQ design allows for the as-
sociation of pixel tracks to the correct MEO segment by matching in 7 position,
¢ position, particle transverse momentum, and particle charge.

The matching of A¢ is limited by multiple scattering for muons with transverse
momentum lower than 20 GeV while the precision in the segment 7 position is
similar to that of the pixel measurement for low transverse momentum muons.
Even if MEOQ is shielded and placed behind HGCAL, the PU particle density is
so large that approximately ~ 12 real muons (dominated by decay-in-flight
muons from pile-up interactions) and ~ 50 electrons or hadrons (which either
escape HGCAL or are produced through interactions in front of MEQ) pro-
duce hits in the MEO detector (including both endcaps) every BX. These low
transverse momentum particles are a potentially large source of background
segments.

The left plot in Figure 2.7 shows that the segments produced by these parti-
cles can be reduced by 30% by requiring that segments contain hits in at least
four layers. The right plot shows that they can be further reduced by a factor
of ~ 10 by requiring that they have a A¢ consistent with pr >3 GeV particles
(|A¢| <0.013).

2. long-lived neutrons and their byproducts

These particles are estimated to induce ~ 1000 MEQ hits per BX, which due to
the large combinatorics can be a potentially large source of background MEO
segments. At the nominal luminosity of 7.5 x 103 cm~2s~!, this background
is reduced to a negligible level by requiring that segments contain hits in at
least four layers.

Because MEO is designed to consist of six layers, requiring four layers results
in a sub-percent loss of muon segment reconstruction efficiency. However,
neutron-induced background estimation has many sources of uncertainty and
is sensitive to small changes in beampipe and calorimeter design. Therefore
if the neutron-induced hit rate is higher than expected, this layer requirement
can be increased to five layers for a percent level efficiency loss in order to
maintain a negligible neutron induced segment level.

Figure 2.8 shows the simulated background at the MEQ station, outlining that a rate
up to 200 kHz cm~2 is expected to be reached. The inclusion of MEQ will also extend
the range of muon triggering to the 2.4 < || < 2.8 region. The average number of
background segments per event (for all MEOQ) is shown in the left plot of Figure 2.9.
This background multiplicity is too high for using MEQ to increase the single muon
trigger coverage. However, the segment position and transverse momentum mea-
surements can be used in conjuction with other L1-trigger objects in multi-object
triggers. For example, triggers targeting multi-muon signatures, such as T — 3y,
can include the additional requirement of a MEQ segment in a ¢ slice of one endcap
for a factor of ~ 10 rate reduction. The second category of identification is offline
reconstruction, in which pixel tracks are matched to MEO segments, also in the HLT.
The matching of track position, charge and transverse momentum to MEO segments
allows for a background reduction by an order of magnitude. This is shown in the
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FIGURE 2.7: Properties of both generated muon and PU particle trajectories in MEO.
They are obtained from the simulated hits on the MEQ detector layers and include the
effect of multiple scattering. Left: The distribution of the number of MEQ layers crossed
by each PU particle, normalized by the total number of generated events. The colors of
the stacked histograms denote the type of particle. The category labeled “muons” is pri-
marily comprised of particles originating from light hadron decay. The other categories
include particles that escape HGCAL and those that are produced through interactions
in front of MEO. Right: The A¢ distribution for generated muons and PU particles for
those particles that cross at least four MEO layers. The distributions for the PU particles
are shown in the stacked histograms, in which the colors denote the particle type. The
distributions for generated muons are shown in the non-stacked histograms, for which
different colors refer to different muon pr. (Source [6])

right plot of Figure 2.9, in which the number of pixel tracks matched to MEQ seg-
ments is displayed as a function of pixel track |7]|.

MEQO capabilities allow building an effective trigger path extending from Level-1 into
the HLT, in which Level-1 selections are followed by the early stages of HLT, where
MEDO candidates are first reconstructed at full granularity (L1 uses twice lower gran-
ularity), which are used to seed fast local tracking reconstruction in the forward pixel
detector, muon-pixel track matching and near-offline selections already at the early
stages of the HLT. The high resolution of the upgraded endcap calorimeter system is
expected to allow an additional improvement of the offline muon identification and
rejection of non-muon backgrounds based on the amount of energy associated with
a candidate using the high granularity calorimetry information.
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FIGURE 2.8: Expected background flux in the MEQ environment as a function of the
distance from the LHC beam line. (Source [61])
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mentum ranges.
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Chapter 3

The CMS GEM MEO0

The present chapter focuses on describing the design of the triple-GEM modules
designed for the MEQ detector, together with the requirements that need to be ful-
filled in order to comply with its functionality inside the CMS muon system. Then,
an overview of the MEO readout chain will be provided, describing the front-end
electronics, the back-end electronics, and the data acquisition system. Finally, the
main calibration and configuration scans for the above-mentioned systems will be
outlined.

3.1 CMS triple-GEM detectors for MEOQ station

3.1.1 GEM module design

Each detector in the MEOQ system is a large trapezoidal triple-GEM detector [62]. The
detector itself consists of a trapezoidal gas volume containing a stack of three iden-
tical large area trapezoidal shaped GEM-foils embedded between a drift electrode
and a readout board. The dimensions of the different regions in the CMS triple-
GEM detectors are: drift region of 3mm between drift cathode and the first GEM,
spaces of 1 mm and 2mm in the electron transfer gaps between GEM foils, and a
1 mm space in the signal induction region. The baseline gas mixture for operating
the CMS triple-GEM detector is Ar:CO, (70:30).

Figure 3.1 shows the exploded view of the mechanical design of a CMS MEQ triple-
GEM detector prototype.

Read-Out Board

Hirose Connector

Drift Board \Pull-Out  Powering Pins

FIGURE 3.1: Exploded view of the mechanical design of a CMS MEO triple-GEM detec-
tor prototype showing the schematic flow of the assembly procedure. (Source [62])
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The trapezoidal GEM foil surfaces oriented towards the readout board are a sin-
gle contiguous conductor whereas the GEM foil surfaces oriented towards the drift
board are segmented into numerous HV sectors. The HV segmentation has under-
gone modifications during MEQ prototype studies.

In particular, the first design was characterized by a transverse segmentation, i.e.
sectors were meant to run across the width of the trapezoid as shown in Figure 3.3A.
The width of the sectors was designed to be gradually narrower when going from
the short end of the trapezoid to the wide in such a way to make each segment cover
the same area of about 100 cm?. As required, this segmentation design restricts the
amount of charge that can flow from one foil during a discharge to about 2 nC and,
consequently, limits the total energy of a discharge to less than 0.5m]J[6]. Addition-
ally, protection resistors of 2 MQ) (for GEM top foils), 100 kQ) (for GEM bottom foils)
and 10 MQ) (for the drift electrode) separate each HV segment from the HV supply
cable, as shown in Figure 3.2.

Drift

GEM foils

R/O board

FIGURE 3.2: Schematic of the resistive circuit in the MEQ design, focusing on the single-
segmented GEM foil facing the readout plane. (from [63])

This protects the GEM foil against destruction due to discharges, which are in-
evitable even if they occur at low rates under standard operating conditions. In
the worst case, if a destructive discharge were to occur in an HV sector (creating a
short circuit between top and bottom electrodes of a GEM foil), it would disable only
that one HV sector permanently instead of rendering the entire chamber unusable.
Nevertheless, studies of the irradiation of large-area tiple-GEM detectors [64] show
that transversal segmentation is not the best design solution, since it causes a drop
as high as 40% of the nominal gas detector gain, which would result in severe loss
of tracking efficiency.

Indeed, when the detector is irradiated, the charges produced in the avalanche and
moving in the gas induce currents on the electrodes that flow through the protec-
tion circuits, resulting in a voltage drop on the electrode itself. The voltage drop is
a global effect over the entire foil, i.e. it increases for wider irradiated areas. A volt-
age drop implies a gain drop, and to recover the original nominal gain (~ 2 x 10%)
voltage compensation is needed. The voltage is increased in order to compensate
for the drop caused by the high rate of particles passing through the detector. The
procedure for the compensation is described in Appendix C. Nevertheless, with a
transversal segmentation, the highest 7 region would require a nominal gain of ap-
proximately 6 x 10* after compensation, thus increasing damage risk in case of sud-
den beam loss during LHC operation. Moreover, each GEM foil sector would have
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to be powered at a different voltage point to account for the highly uneven back-

ground rate at increasing pseudorapidity.

The solution for these two issues is represented by the azimuthal HV segmentation,

depicted in Figure 3.3B.
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FIGURE 3.3: (A) Scheme of a MEQ detector with transverse GEM foil segmentation with
respect to the LHC beam line, showing the expected background particle rate per sec-
tor. (Source [61]) (B) Design of the adopted azimuthal segmentation for the MEO detec-
tors, showing the expected background particle rate per sector in the CMS environment.
(Source [61])

This design choice manages both to equalize the gain drop across different GEM foil
sectors and to minimize the average gain drop. In a segmentation with 40 sectors,
the average rate per HV sector in the CMS background can be contained to 1.5 MHz,
while the effective gain drop can be minimized to about 10% of the expected value
of 2 x 10*. A drawback of this alternative design involves the dead area introduced
by the polyimide separation lines between two adjacent foil sectors. Considering
that each separation line has an average thickness of 100 pm, the total dead area of a
MEO module with 40-sector azimuthal segmentation is approximately 4% of the de-
tector surface, compared with about 0.1% for a 29-sector longitudinally segmented
detector.

3.1.2 Performance requirements

The desired tracking and physics performances of the MEQ detector, outlined in Sec-
tions 2.3.3 and 2.3.4, impose the following basic requirements, listed in reference [6],
on the detection performances of the CMS triple-GEM detectors:

¢ Maximum geometric acceptance;

Single-chamber efficiency of 97% or better for detecting minimum ionizing
particles;

Rate capability of at least 150 kHz cm 2 for a MEO module.

Angular resolution of 500 prad or better;

* Timing resolution of 8 —10ns for a single chamber;
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* Gain uniformity of 15% or better across a module and between modules;
* No gain loss due to aging effects after 7.9 C cm 2 for a MEO module;
¢ A discharge rate that does not impede performance or operation.

A brief review of the rationale for these requirements is provided. Maximum accep-
tance will yield maximum physics yield. With 97% individual module efficiency, a
MEQO stack with six modules will have a 98.8% efficiency for providing at least five
hits for stub reconstruction based on combinatorics. The maximum expected hit rate
within the MEQ acceptance is about 150 kHz cm 2 for HL-LHC [65]. A hit precision
of 500 prad will give sufficiently precise stub directions for stub matching to tracker
tracks and CSC stubs. As the GEM detectors will provide primitives to the trigger, a
time resolution of 8 —10ns is required for a single chamber when running with 25ns
bunch crossing time at the HL-LHC in order to match the correct bunch crossing. A
uniform module response will ensure that there are no geometrical reconstruction
biases. The gain of a single GEM foil typically varies across the foil surface by 5-8%
due to intrinsic variations in hole diameters that stem from the production process.
The corresponding typical gain variation in triple-GEM detector is 1/3 times larger,
i.e. about 10-15% [66]. The modules should not incur significant additional response
non-uniformities due to any other factors. The charge expected to be integrated in
the MEQ sector at the highest # over 10 years of operation at the HL-LHC is about
79Ccm~2 [67].

In addition, several specific technical constraints and requirements need to be taken
into account in the module design. As a baseline, it must be possible to operate
the modules using only counting gases that have low global warming impact while
fulfilling the above performance requirements. Sufficiently small readout segmen-
tation in 7, i.e. along the readout strips, is needed so that the rate of multiple hits on
the same strip that can lead to ghost stubs is well controlled. Finally, the modules
must be designed so that chambers and stacks will easily fit into their designated
locations in the muon endcap.

3.2 Design of the MEO readout chain

A GEM detector in CMS (GE1/1, GE2/1, MEQ) is typically divided into three parts:

* The Detector itself: it converts the particle energy deposit into a small analog
electric signal;

¢ The Readout electronics: it amplifies and digitizes GEM signals and sends
them to trigger and data acquistion;

¢ The Services: they enable detector and electronics powering and communica-
tion (HV, LV, fibers, etc.)

Furthermore, the GEM readout architecture can be divided into:

¢ The Front-end electronics: it is on-detector and reads analog GEM signals and
sends digital output to trigger and data acquisition. The building blocks of
the front-end electronics are: the readout chip, namely the VFAT3, discussed
in Section 3.3.1, the optohybrid board described in Section 3.3.2, and the GEM
electronic board explained in Section 3.3.3;
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FIGURE 3.4: Overall block scheme of the MEO readout architecture. Front-end and back-
end sub-systems are distinguished. Courtesy of A. Pellecchia

¢ The Back-end electronics: it is off-detector, in the counting room, and receives
front-end data and sends them for trigger or storage.

Figure 3.4 shows the overall block scheme of the MEO readout architecture.

A constant exchange of information occurs between GEM electronics (front-end +
back-end) and the CMS DAQ system. Here, the steps of the communication proce-
dure for MEO are briefly discussed.

First, digital information obtained from the OR of two neighboring strips (half gran-
ularity data) is sent from the front-end electronics to the backend, where stubs,
namely MEQ trigger primitives, are reconstructed. MEO stubs are, then, sent every
BX to the Level-1 Trigger system!. L1 trigger selects the most interesting BXs to be
recorded and sends back a Level-1-Accept (L1A). GEM back-end sends the L1A to
the front-end, which returns the full granularity data for the selected BXs. The GEM
back-end sends the data to the central CMS DAQ. Then, events are reconstructed
and further filtered at the High-Level Trigger (HLT), and, finally, the remaining data
are stored.

3.3 The front-end electronics

3.3.1 The readout chip: VFAT3

The VFAT3 is a front-end ASIC 2 to read out, discriminate, and, eventually, send
data to trigger and data acquisition system [68]. Each VFAT3 chip provides 128
channels, each containing an analog part, a discriminator, and a block that handles
digital information and communicates with the back-end electronics. The overall
block scheme is depicted is Figure 3.5. Therefore, one of these chips can read out up
to 128 detector strips.

The analog part is optimized for the readout of gaseous detectors and each channel
contains internal input protection to protect from discharge spikes.

Figure 3.6 shows a block diagram of the analog front-end system of one of the 128
VFAT3 channels.

TIn GE1/1 and GE2/1 the trigger primitives are the half granularity data.
2Application Specific Integrated Circuit (ASIC) is an integrated circuit customized for a particular
use.
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FIGURE 3.6: VFAT3 analog front-end block diagram.

The parameters of the analog channel front-end are optimized for the expected shape
of a triple-GEM signal (as simulated in Figure 3.7).Each channel is provided with:

* a charge-sensitive preamplifier (CSP), that integrates the current signal over
a time window and generates a voltage signal that is proportional to the in-
coming input charge, by means of a feedback capacitor. A feedback resistor is
connected in parallel to the capacitor in order to have a well-shaped tail pulse.
The VFAT3 CSP sensitivity can be varied between 8 and 60 mV fC !, by adjust-
ing the feedback resistor and capacitance;

¢ ashaper, whose load capacitance is adjustable to allow front-end peaking times
programmable between 25 and 100 ns.

Signal charge from GEM detectors can last approximately 60 ns, or so, depending on
the gas mixture and the drift gap. The shaping time of the front-end can be adjusted
to fully integrate this charge and hence maximize signal-to-noise ratio.

In between the analog front-end and the digital block, each channel is provided with
a constant fraction discriminator (CFD). The constant fraction discrimination is a
technique that provides information about the arrival time of an event, in a way
that is amplitude-independent and, consequently, more accurate than a traditional
leading-edge discriminator ®. Figure 3.8A shows the two methods applied to two
signals with a different amplitude, highlighting that the CFD optimizes timing by
compensating for the time walk due to the fluctuations in the signal amplitude.

3The digital signal is returned when the analog signal exceeds the threshold set.
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FIGURE 3.7: Examples of simulated signals from a triple-GEM detector. (from [69])

(A) (B)

FIGURE 3.8: (A) Leading edge discrimination (left) where timing jitter is equal to the
difference between the two readings of time, t. Constant fraction discrimination (right)
where the time is taken at the same proportional height of the two incoming pulses.
(from [70])(B) Process of constant fraction discrimination where the incoming pulse is
divided into 2/3 and 1/3, the lower portion inverted, the higher portion delayed, and
the signals recombined. The zero-crossing point where the two portions of the signal
combine is now independent of signal amplitude. (from [70])

This technique is articulated in the following steps:

1. the analog signal is shaped by a passive network of RC filters to a bipolar
signal. The latter is obtained by subtracting a fraction of the input unipolar
signal from its delayed copy, as schematically shown in Figure 3.8B;

2. asmall voltage offset, namely the ZCC threshold, is added to the bipolar signal
to avoid firing the zero-crossing comparator on noise. ZCC threshold is set via
an 8-bit DAC, with a nominal sensitivity of 0.5mV bitfl;

3. when the bipolar signal first crosses the programmable ZCC threshold, the
offset is removed;

4. when the bipolar signal crosses the zero level, the output of the CFD is enabled.

The arrival time of the ZCC output signal is independent of the input signal ampli-
tude.

The input signals are sent in parallel to an arming circuitry, in order to enable CFD
output only when the input signal is larger than the programmed threshold pro-
vided by a global 8 bit digital-to-analog-converter (DAC). The nominal sensitivity of
ARM DAC is of 2mV bit~'. Since both the ZCC and ARM threshold are set globally
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for the entire chip, each channel is provided with its own DAC to compensate for
mismatches among single channels, and make the response of the chip as uniform
as possible. The DAC is composed of 6-bit DAC for the amplitude, corresponding
to 0.5mV bit ™!, plus one bit for the polarity.

Following the discriminator there is a synchronization unit that synchronizes the
comparator result with the LHC clock, i.e. a 40 MHz clock. The data then splits into
two paths:

¢ A Fixed latency path, or synchronous bit (s-bit): the digital information from
two neighbouring strips and combined in OR is called synchronous bit (s-bit),
and it is sent sent to back-end, functioning as a trigger. The purpose is to
provide fast "hit" information that is synchronous with the LHC 40 MHz clock.

¢ A Variable latency path: full granularity data, i.e. signals from every single
strip, are sent to the back-end when a level-1 accept (L1A) arrives from the
back-end with a fixed delay. The synchronized digital signal is first extended in
time by a programmable number (from 1 to 8) of clock cycles (the pulse stretch),
and then stored at the beginning of a circular buffer (SRAM1) of 1024 bit depth;
at each clock cycle, the signal advances by one bit in the buffer. When the chip
receives an external L1A trigger signal, the bit stored at a specified depth in the
SRAML1 is copied to a second buffer (SRAM?2); the latter is a FIFO where the
data are identified by their bunch counter (BC) and event counter (EC), before
being transmitted to the backend. The depth of the bit in the SRAM1 at the
arrival of an L1A is called latency and represents the delay between the time
of formation and arrival of the external trigger and the signal formation and
processing in the detector and front-end.

The chip is also provided with a calibration, bias and monitoring unit, that allows
for taking scans and applying various configurations to the chip. In particular, the
calibration system provides internal charge pulses to the input of the front-end am-
plifier, with magnitude, phase, and polarity programmable by the user. This feature
helps significantly in the tests and characterization stage.

3.3.2 The optohybrid

The optohybrid is a concentrator board, shown in Figure 3.9A, providing an inter-
face for the VFAT3 readout with backend and trigger. It converts optical data into
electrical data. The communication is bidirectional:

* VFAT3 to backend: the Optohibrid receives data from the VFAT3 and trans-
mits them to the back-end after compression;

* backend to VFAT3: the Optohybrid sends slow-control* commands from the
back-end to the on-detector electronics.

It is made of two main components:

* Gigabit transceiver (GBT): it receives and transmits data from the VFATs and
communicates with the back-end through the VIRx. In particular, MEO em-
ploys IpGBT (Low Power GBT), a radiation-tolerant device designed for HL-
LHC detectors [71], which supports data transmission up to 10.24 Gbps;

4Slow Control Systems are used for setup and monitoring of hardware that is not time-critical, and
can be run at a low priority
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¢ Versatile transceiver (VTRx): it allows the communication between back-end
and on-detector electronics; it converts optical data to electrical data (electro-
optical transceiver). The GE2/1 OptoHybrid uses the VTRX chip, replaced by
the upgraded VIRX+ in MEQ; the former ensures a data transmission rate of
4.8 Gbps, while the latter can reach up to 5.12 Gbps in reception and 10.24 Gbps
in transmission.

In GE1/1 and GE2/1, the OH is also provided with an FPGA to cluster VFAT s-bit
data and compress them to send to the trigger board. Nevertheless, the latter cannot
be employed in MEO due to the radiation hardness requirement, so its functionality
is provided by the back-end.

3.3.3 The GEM electronic board

The VFAT3 and OptoHybrid are mounted on the detector through the GEM elec-
tronic board (GEB), a PCB attached to the detector readout board that routes the
data and power lines, and works as a mechanical support for the front-end electron-
ics. The low-voltage power provided to the GEB is distributed to DC-DC converters
(bPOLs) and from those to the other components. The design of the MEO GEB is
shown in Figure 3.9B: it is made of two separate PCBs along the # direction, called
wide and narrow GEB; each GEB powers 2 OptoHybrids and 12 VFATs.

(A) (B)

FIGURE 3.9: (A) Picture of an MEO optohybrid. (B) Design of the MEQ wide and narrow
GEBs.

3.4 Back-end electronics

The back-end electronics stands between the front-end electronics and the CMS Trig-
ger and Data Acquisition system. It is located off-detector and is subject to much
less stringent requirements on radiation hardness. The MEQ back-end electronics is
planned to be based on the common CMS Phase-2 technology choice, namely the
ATCA standard [72], which employs advanced mezzanine cards (AMCs). The back-
end electronics performs several operations:

¢ Programs OHs and FPGAs;

e Provides the clock and TCDS® commands to the front-end;

5The CMS Timing and Control Distribution System (TCDS) is the upgraded version of the Trigger,
Timing and Control (TTC) system, which is responsible for the synchronization of the different detec-
tors to each other and to the passage of particles. It distributes the clock and the commands to all the
detectors.
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* Receives trigger data from the front-end and sends it to L1 trigger system;
* Sends trigger signal (L1A) to the VFATSs, and receives event data back;

¢ Packages data from multiple chambers (and multiple VFATs per chamber) cor-
responding to the same BX and sends it to the CMS DAQ system;

¢ Slow control: configure front-end electronics and monitor front-end data.

These functionalities are similar to those provided by the CTP7 yTCA (earlier format
of the ATCA) boards that have been adapted for the GE1/1 DAQ system.

Each backend crate also hosts a standard CMS "communications" board responsi-
ble for common clock and control, as well as communications with the central CMS
DAQ and Trigger systems (AMC13 board for the yTCA crate, DTH board for the
ATCA crate).

At the moment both CTP7 yTCA and X20 ATCA boards are used. The former is
used in the GE1/1 and GE2/1 detectors currently installed at CMS and in the MEO
test stands, while the latter is currently used for GE2/1 quality-control tests and will
be installed for all GEM systems in Phase-2. A summary of the crate and back-end
usage is outlined in Table 3.1.

Crate | Back-end board | Used in Can read...
GE1/1in P5

uTCA CTP7 GE2/1in P5 1 MEQ stack
MEQ test stands
GE2/1 QC8

ATCA X20 All GEM systems in Phase-2 2 MEO stacks

TABLE 3.1: Crate and Back-end board usage

3.5 Data Acquisition Software (DAQ)

The GEM online software [63] is based on the libraries of the CMS DAQ framework,
xDAQ. The core part of the data acquisition software is a set of tools that allow the
interfacing of the xDAQ applications with the slow control of the back-end board:
for each firmware block in the FPGA, a remote procedure call (RPC) server imple-
ments high-level DAQ functions (such as the launching of a calibration routine or
the configuration of a front-end component) and processes requests from the AMC-
Manager applications. The lower-level access to the FPGA registers from the RPC
servers and other stand-alone tools is mediated and synchronized by a memory-
access layer (memhub). The GEMSupervisor xDAQ application implements a finite
state machine that handles the operations necessary for the data taking (e.g. config-
uration of the front-end or beginning of a run); a single xDAQ client instance allows
the operation of the software through a web interface.

3.6 Power system design

3.6.1 High Voltage system

To power a triple-GEM, a total of seven different high-voltage potentials have to be
applied to its electrodes. During the R&D phase, these voltages were achieved with
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a single HV channel using an on-chamber resistive divider circuit. Figure 3.10 shows
a triple-GEM chamber powered via a resistive divider circuit. This technique does

HV Monitoring
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FIGURE 3.10: Schematic of a triple-GEM chamber powered using the resistive divider
circuit employed for CMS GEM detectors. Protection resistors are also shown, with their
typical value.

not allow for per-channel current measurements or working point optimization, and
if an HV segment is in short, the divider current also starts flowing through the
protection resistor, in parallel with the divider resistance. This causes the value of
the divider current to change, introducing a bias in the operating voltages. An easy
computation can be performed considering, for example, a short between GEM3 top
and GEM3 bottom, the divider current that initially is Ryt = Y_; Ryip; = 4.698 MQ)
becomes:

R giv, GEM3R prot

/ 10, 14

= E Ruiwi + =4.673MQ) .
fof i#GEM3 o Rdiv,GEM3 + Rprot

Assuming a HV working point of 3000 V:

HV HV
= o =6385pA = I'= o = 642pA,

I = — =
Riot tot

which can cause an increase in voltage up to 4V (for the drift gap).

Moreover, the divider constitutes a significant local heat load inside the closed vol-
ume of the chamber.

To overcome these issues, the seven channels will be powered individually using
the CAEN A1515TG multi-channel HV power supply [73], specifically designed
for triple-GEM detectors. One A1515TG board provides 14 floating HV channels,
grouped in two complex channels. The seven channels within a complex channel can
be configured individually and the diagram of the currents per electrode is shown
in Figure 3.11. The floating design assures that the failure of one channel does not
introduce an increased potential on the neighboring layer.

Other important protections implemented in the on-board firmware include over-
heating detection, an external hardware interlock, and a maximum voltage setting
to protect the detector against human errors. The A1515TG module allows for 1kV
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FIGURE 3.11: GEM current distribution in the CAEN A1515TG multi-channel HV sup-
ply.

and 1 mA per channel, with a limit of 0.7 W per channel.

Since the multi-channel HV supply requires special connectors and cables, it is cus-
tomary in laboratories to operate triple-GEM detectors using a voltage divider. There-
fore, when using a multi-channel HV power supply the equivalent divider current is
used to define the HV point at which the triple-GEM detector is working. The equiv-
alent divider current is the current that would flow through the divider if a voltage
equal to the total voltage applied to the detector via a multi-channel HV system is
supplied. Table 3.2 contains the set of values of the resistance defining the divider,
and for each HV point, expressed in equivalent divider current, the corresponding
voltages applied to each foil are listed.

The voltage for each channel can be set and read with a 20mV resolution, and an
accuracy of 0.2%=+0.2 V50 ppm/°C, and current limits are set with a 20nA reso-
lution. Below 100pA, the current can be monitored with a resolution of 100 pA,
and in the range of 100 pA to 1mA, the resolution becomes 1nA with accuracy
of 0.5%+5nA+50 ppm/°C. The ramping speed can be adjusted from 1Vs™! to
100 Vs~!in steps of 1V, and the maximum time an overcurrent is allowed to last, i.e.
the trip time, can be set from 0s to 100s in steps of 0.1s. As a consequence, spikes
lasting less than 0.1 s are not monitored.

3.6.2 Low Voltage system

The main power source for the on-detector electronics is located in the experimental
cavern close to the chambers. The reason for this location is that cable length must
be minimized to reduce as much as possible the voltage drop due to the resistance
of the cables®. That sets additional requirements in terms of radiation hardness and
operation in the presence of magnetic fields. The baseline LV system for MEO (and
GE2/1) relies on the EASY3000 family of boards manufactured by CAEN [74].

®For the high voltage supply, the voltage drop caused by the resistance of the cables is negligible.
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Regquiv(MQ) | Idivider (nA) | 620 650 670 680 700 710
1.125 Drift (V) 697.5 | 731.3 | 753.8 | 765 | 787.5 | 798.75
0.56 GEM1 (V) 3472 | 364 | 3752 | 380.8 | 392 397.6
0.438 Trans1 (V) 271.6 | 284.7 | 293.5 | 297.8 | 306.6 | 310.98
0.55 GEM2 (V) 341 | 357.5 | 3685 | 374 385 390.5
0.875 Trans2 (V) 5425 | 568.7 | 586.2 | 595 | 6125 | 621.25
0.525 GEMS (V) 3255 | 341.3 | 351.8 | 357 | 367.5 | 37275
0.625 Induct (V) 387.5 | 406.3 | 418.8 | 425 | 437.5 | 443.75
4.698 Vmon (V) 2913 | 3054 | 3148 | 3195 | 3288.6 | 3335.58

TABLE 3.2: Set of the values of the resistors defining the equivalent voltage divider, and
for each HV point, expressed in equivalent divider current, the corresponding voltages
applied to each foil are listed. V1on is the total voltage supplied.

3.7 Electronics calibration and configuration

To properly operate the CMS GEM system, both the VFAT3, there is a certain amount
of scans to be carried out. Indeed, the operation of the detector requires establish-
ing communication with the front-end electronics, calibrating the internal DACs of
the VFATs to determine the correct front-end bias, determining the discriminator
threshold for an allowed noise rate and setting the optimal latency. In the following
sections, an outline of the main scans for the operation of the CMS GEM system is
provided.

3.71 GBT phase scan

The GBTs allow the communication of the VFAT3s with the back-end. The eLink
between the GBT and the VFAT3 transmits in separate lines both data and the clock
received from the LHC. However, delays in the transmission lines and in the front-
end circuits do not ensure that the transmitted signals are always in phase with the
clock. For this reason, the GBT allows shifting the phase of the eLinks with respect
to the clock in a full clock cycle by multiple of 50 ps. A phase alignment routine, the
GBT phase scan, in performed to choose the optimal eLink phase for each VFAT3
to ensure that the data received by both ends are always sampled correctly. Indeed,
when the GBTs receive data back from the component, they have to sample them in
the middle of the signal, and not in correspondence of its edges.

However, the received signal and the internal GBT clock have random phases, dif-
ferent for each component on the GEB. In order to solve this lack of correspondence,
a scan of the GBT phase needs to be performed over all the components. Such scan
consists of:

1. sweeping all the possible GBT phases;

2. for each phase, sending signals to the component and check if they respond
correctly;

3. setting the optimal phase as the one which gives least errors.

Without the correct phases, communication with VFATSs is not possible.
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3.7.2 DAC scan

The VFAT3 analog part has several front-end circuits (the preamplifier, the shaper,
and the CFD), that need to be precisely biased for compliance with the nominal per-
formance of the chip. Table 3.3 lists the bias point of different parts of the analog
front-end and their nominal value; the current values are set by the voltage sources
with a 10 k() input resistor.

DAC Bias current (1A) | Bias voltage (mV)
Preamplifier bias input transistor 150 1500
Preamp bias leakage compensation 25e-3 0.25
Preamp bias source follower 26 260
Shaper bias folded cascade 26 260
Shaper bias input pair 16 160
Single-differential bias input pair 28 280
Single-differential bias folded cascade 27 270
Single-differential bias source follower 30 300
CFD bias 1 20 200
CFD bias 2 20 200
Preamplifier Vref / 430

TABLE 3.3: DAC Bias Parameters.

The bias currents (or voltage) can be tuned by an 8-bit or 6-bit digital-to-analog con-
verters (DACs). The set value, in volts or microamperes, can be monitored via the
analog-to-digital convers (ADC) integrated within the chip. The procedure followed
to determine the required bias point in terms of DAC units is the following:

1. each DAC range is swept between its minimum and maximum value (0 to 63
for the 6-bit registers, 0 to 255 for the 8-bit ones);

2. the corresponding currents are read through ADC;

3. the optimal DAC value is chosen by interpolation as the one corresponding to
the nominal bias currents (voltage).

3.7.3 S-bit rate scan

Each VFATS3 has a register corresponding to an arming comparator threshold, that is
the same for the entire chip. The s-bit rate scan is the procedure typically followed to
determine for a given VFAT the optimal threshold value for the arming comparator.
The s-bit rate is computed counting the number of trigger hits given by the logical
OR among the 64 bits, each of them being the OR of two channels (VFAT half gran-
ularity datapath).

To decide the best value for the threshold, the following procedure is followed:

1. the detector HV system is turned off, in order to neglect particles interacting
with the medium while doing the scan, which would eventually affect the s-bit
rate measurement;

2. Since the arming comparator threshold is set via a 8-bit DAC, all its possible
values are set one by one, from 0 to 255 DAC units;
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3. for each value of the threshold, the s-bit rate is read;

4. the optimal threshold is the DAC value corresponding to the desired noise rate
(e.g. 100 Hz).

In Figure 3.12A a typical example of s-bit scan plot is shown. The threshold in DAC
units can be converted to charge by using the s-curve result (See Section 3.7.4).

In addition to the optimal threshold, the s-bit scan can help to identify broken s-bit
lines, indeed such scenario is characterized by a measured s-bit rate being constant
and equal to its maximum value, namely the 40 MHz of the LHC clock. An exam-
ple of s-bit scan for a broken s-bit line is shown in Figure 3.12B. Also detector gain
problems can be identified, if there is no plateau with the HV system on.
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FIGURE 3.12: (A) Example of a s-bit scan for a well-functioning VFAT3 chip. Here the
threshold corresponding to a 100 Hz s-bit rate is ~45 DAC units. (B) Example of a s-bit
scan for a broken s-bit line.

3.74 S-curve

Since the VFAT3 has a digital readout, the noise of the setup cannot be evaluated by
taking a pedestal run’. Nevertheless, as previously mentioned, the chip allows to in-
ject pulses on each channel with an internal circuit and counts how many signals are
read back. This functionality allows for a measurement of the noise. The procedure
to follow for each VFAT3 channel is the following:

1. An arbitrary VFAT3 threshold is set;

2. the charge of the internal pulse is set via an 8-bit DAC, at each step changing
it within all the possible charge values (from 0 to 255 DAC units);

3. for a fixed threshold, 100 pulses are sent to the VFAT3;

4. The number of recorded signals as a function of the amount of charge returns
an s-shaped curve;

7 A type of run that consists of taking data with a random trigger, in such a way that the amplitude
spectrum gives the distribution of the noise "hit" amplitudes. This spectrum represents the "pedestal"
in physics run.
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The typical "S" shape is due to the presence of electronic noise in the analog readout
chain of the chip. Conversely, in a noiseless environment, a step shape would be
expected for this kind of measurement, with 0 counts when the injected signal is
under threshold, and 100 counts when the signal is over threshold. The presence
of the noise running above the injected signal determines the sigmoidal shape of the
curve. Performing the fit with a sigmoidal function, the mean y of the fitting function
represents the threshold of the single channel, while the parameter ¢ represents the
width of the temporal noise of the channel. Figure 3.13A shows a typical example of
S-curve taken for a prototype of MEO triple-GEM and Figure 3.13B is the summary
for an entire VFAT3 chip.

Moreover, such a scan is also helpful to find either dead or detached channels.
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FIGURE 3.13: (A) S-curve obtained for one VFAT3 channel. The dashed black line rep-
resents the fitting error function and the parameters y and o are shown in the plot. (B)
2-dimensional s-curve for one VFAT3.

Additionally, the s-curve scan can be used as a tool to improve the alignment of
the local thresholds of the single channels of a VFAT chip. The need for such an
alignment stems from the fact that, although the threshold is set for the entire chip,
the arming comparator, due to production details, can apply slightly different local
thresholds to signals. These fluctuations of the local threshold can cause a decrease
in efficiency of the chip, because lower local thresholds make it necessary to increase
the global threshold (to remain at an s-bit rate of 100 Hz per VFAT3), resulting in a
possible decrease in efficiency for those channel with a higher local threshold if the
threshold set exceeds the amplitude of the physics signal.

Such alignment procedure is called trimming and there are two main techniques to
perform it: either align the y of the sigmoid fitting the s-curves or align their rising
point. Given y and ¢ the fitting parameters, the rising point, X, can be defined as:

X=p—nxc,

where n is an integer, whose value is set to 4, according to the stability observed
in previous tests [75]. Tests performed over a GE1/1 stack [75] have shown that
the alignment of the rising point is more effective in enhancing efficiency, while the
alignment of the y is driven by the noisier channel and leads to higher global thresh-
olds. The alignment of the rising point X to its average value implies that the noisier
channels are set to have a larger individual threshold and all other thresholds be-
come aligned to a common lower value. Figure 3.14A shows the s-curves for all
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the 128 VFAT3 channels before and after the trimming procedure. As a result, the
alignment of the local threshold is meant to decrease the necessary global threshold
to be set. This effect is evident from the plot in Figure 3.14B where the distribution
of the global thresholds obtained from the s-bit scan before and after trimming are
compared. On average, the threshold decreases and, in addition, the distribution
appears to be slightly narrower, implying that the thresholds of different VFAT3
become closer with each other resulting in a more uniform signal response of the
chamber.

T T T
- —=— before trimming
—— after trimming

1=}
S

<thrpe> =15.25 % 5.29 |
<thrpost> = 9.54 £ 4.18

fired hits

before trimming i
B after trimming

80

count (per 2 threshold units)

40

0 5 10 30

15 20 25
sbit-scan theshold (DAC units)
(A) (B)

FIGURE 3.14: (A) S-curves for the 128 channel of a VFAT before (in red) and after (in
blue) applying the trimming procedure.(B) Distributions of the reasonable thresholds
(@100 Hz) measured with the s-bit scan before and after applying the trimming proce-
dure.

3.7.5 Latency scan

The content of the VFAT3 SRAM?2 (data path) is read out to back-end whenever a
trigger signal (L1A) is received. However, the L1A is not routed to the GEM elec-
tronics exactly when the GEM signal arrives to the VFAT3. Delays are generated by
the backend board and the trigger system, as schematically depicted in Figure 3.15A.
The VFAT3 needs to look back in time for when the correct signal arrived: this delay
is called latency. The latency of the setup is set via a latency scan that is articulated
in the following steps:

1. the detector HV system is turned on;

2. the possible range of latencies is swept, from 0 to 1023 in DAC units (corre-
sponding to the range 1 BX - 1024 BX);

3. the number of hits recorded from the detector at each latency is counted;
4. the "optimal” latency is the one corresponding to the largest number of hits.

Figure 3.15B shows an example of a latency scan, in which the optimal latency is
20 BX (500 ns).
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FIGURE 3.15: (A) Schematic of a general setup (GEM detector+trigger+back-end elec-
tronics) outlining the different paths the trigger signal and the GEM signal follow, caus-
ing the latency to arise. (B) Example of latency scan performed with a GEM detector,
the peak represents the "optimal" latency.
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Chapter 4

CMS MEQO performance in high
background rate environment

The present chapter summarizes the analysis of the performance of a 4-layer proto-
type of MEO stack in a high-rate background environment, emulating the expected
background of HL-LHC. The chosen place to perform such measurements is the
Gamma Irradiation Facility (GIF++) located at CERN in the North Area, on the H4
beam line. The GIF++ provides a 14 TBq' ¥’Cs radioactive source, allowing the
measurement of MIP detection efficiency under uniform irradiation. A two-week
test beam campaign in the GIF++ was carried out in July 2023 with a stack of 4 lay-
ers of MEO triple GEM prototypes. I have carried out the tests for the calibration and
configuration of the stack (discussed in Section 3.7) in the laboratory, participated in
the installation, commissioning, and calibration of the test beam setup in the experi-
mental area. Finally, I have taken the data during the test beam and analyzed them
to obtain all the performance results shown in this chapter. The goal of the GIF++
test beam has been measuring the efficiency of each MEQ detector in the four-layer
stack as a function of the background particle rate to determine the rate capability of
the system.

4.1 GIF++ at CERN

4.1.1 General features

Located at the H4 beam line in the EHN1 building, the GIF++ [7] combines a 137Cg
source, with two sets of adjustable filters to vary its intensity, and a high-energy
muon beam (around 100 GeV/c) from the secondary SPS beam. The '¥’Cs isotope
was chosen instead of ®®Co due to its long half-life of 30.17 years, leading to a smaller
decrease of the photon rate over the expected lifetime of this facility. The high pho-
ton background rate generated by the *’Cs is used to emulate the background ra-
diation at LHC experiments, and consequently to study the behavior of detectors in
tracking muons in such environmental conditions. The layout of the GIF++, together
with the typical frame of reference adopted, is shown in Figure 4.1A.

The muon beam is generated as a secondary beam from the primary SPS proton
beam on a production target. The spectrometer of the H4 beam line allows the beam-
line user to choose the nominal momentum of the secondary beam with a maximum
momentum of 400 GeV/c. The muon beam, in the energy range of 57-100% of the
nominal beam energy, is mainly generated by the decay of pions and kaons pro-
duced in the primary target.

Lin March 2015 [7]
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FIGURE 4.1: (A) Floor plan of the GIF++. In yellow the GIF++ typically adopted frame
of reference. (from [7]) (B) Irradiator with filter system at GIF++. (from [7])

4.1.2 Characteristics of the photon flux

The GIF++ source is a point source, with 1/ 12 of the flux; however, two £+37° panoramic
collimators are installed so that the wavefront is approximately planar (xy plane).
The GIF++ irradiator and its filter system are depicted in Figure 4.1B.

Embedded inside a common enclosure, two complete and independent attenuation
systems are available, each consisting of an array of 3x3 convex lead attenuation
filters, to fine-tune the photon flux for each irradiation field individually. The to-
tal attenuation factor, obtained by combining the three filter layers, can be set via a
dedicated control panel. In total, 24 different nominal attenuation factors between 1
and 46 415 can be selected, as shown in Figure 4.2A. In the subsequent analysis, the
attenuation factor will be also denoted as ABS factor.

According to the Lambert law [8], the intensity of a photon beam traversing a
thin absorber material of thickness z is described by the formula: I(z) = Ipe=?/¥,
where 1 is the absorption length of the material. In the GIF++ framework, the at-
tenuation factor is ABS = ¢*/*, where the material thickness, z/ u, depends on the
absorbers’ thickness and material composition. Then, the Lambert law can be rewrit-
ten, in terms of ABS factor, as:

1

I(ABS) = Io@ . (4.1)
The ABS factor provides information about the intensity of the photon flux, while its
energy spectrum depends on the characteristics of the radioactive source and on the
elements of the facility the photons interact with.
Figure 4.2B shows the typical processes of radioactive decay of a 1’Cs atom. ¥Cs
decays with a half-life of 30.17 years by emitting a B-particle, i.e. a high energy elec-
tron. In 94.6% of the cases the electron carries away an energy of 512keV and the
137Cs transmutes into a meta-stable state of the '*"Ba. The excited state *”"Ba is
characterized by an excitation energy of 661.7 keV, and it decays with the half-life
of 2.55 minutes into the ground state of '*’Ba, which is stable. This decay occurs
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FIGURE 4.2: (A) Nominal attenuation factors at GIF++. (from [7]) (B) 137Cs beta decay
modes. (from [76])

in the 85.1% of cases via the emission of a 661.7 keV photon, otherwise alternative,
non-radiative, processes take place.

Nevertheless, the actual spectrum of the photon background in the facility is affected
by the interaction of photons with the materials present in GIF++: lead (irradiator,
filters), steel (filters, floor), aluminum (filters), and concrete (surrounding bunker en-
closure). For the available photon energies (~662 keV), the main processes involved
are Compton scattering and photoelectric effect, which cause an overall degradation
of the emitted photon energy. Figure 4.3A shows the simulated spectral shape of the
degraded photons for photons emerging from the capsule, from the angular correc-
tion filter, and from an exemplary attenuation filter of nominal factor 100.

Referring to the range of energies of the GIF++ photon flux ($662keV) and con-
sidering the Ar:CO, (70:30) cross-section for photon interaction (see Figure 1.3), the
main interaction mechanism of the GIF++ photon flux with CMS MEQ triple-GEM
detector is the photoelectric effect of low energy photons ($100keV). The photo-
electric effect is characterized by the emission of an atomic electron (with either a
fluorescence photon or an Auger electron), with an energy similar to the energy of
the impinging photon. In this range, the electron energy loss is between 1-2 times the
typical MIP energy deposit (~3-6 keV cm ™!, according to the computation in Section
1.2.1).

4.1.3 Dose rate at GIF++ vs MEQ

Figure 4.3B shows the simulated absorbed dose rate in the air in the xz plane of the
GIF++ bunker, when the irradiator is fully opened downstream (ABS=1) and fully
closed upstream, that is the configuration used in the current test beam, as down-
stream and upstream zones are basically independent. The region occupied by the
detector under analysis in the current test beam is denoted with "D1" in the afore-
mentioned picture. Consequently, the simulated absorbed dose rate is of the order of
10° uGy h~1=28uGy s~ 1. On the other hand, considering the nominal HL-LHC in-
tegrated luminosity (~3000 fb~ '), the total simulated absorbed dose in MEO ranges
from 30 to 1000 Gy [77]. Since the LHC year corresponds to 107 s, in the 10 years
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FIGURE 4.3: (A) Simulated spectral shape of degraded photons for photons emerging
from the capsule (in green), from the angular correction filter (in red), and from an
exemplary attenuation filter of nominal factor 100 (in blue). The peak around 80keV
corresponds to the fluorescence line expected for lead. The vertical line is normalized
to one emerging 662keV photon flux. (from [7]) (B) The absorbed dose rate in air in
the vertical plane through the source (xz plane) at y = 0.65m. Only downstream side
opened with attenuation filters at factor 1. The horizontal axis (z coordinates) corre-
sponds to the direction of the beam axis. (from [7])

of HL-LHC operation the maximum absorbed dose rate will be 10 uGy s~!. The ab-
sorbed dose rate in GIF++ is threefold the MEQ absorbed dose rate. Nevertheless,
the performance of the detector is determined by the amount of ionizing interac-
tions the traversing particles produce. This depends on the nature of the particles
composing the background and on their cross-section of interaction with the active
material of the detector. The background in GIF++ is made of photons only, while
in MEO also leptons and hadrons will traverse the detector, determining a higher
interaction rate.

Even when the source is "off", which means that the ABS factor is set at its maxi-
mum, the background photon rate is not zero, but, in terms of absorbed dose rate
in air is 200 nGy h~!= 55nGys~! (as reference value it has been considered the one
in the upstream region U1 of Figure 4.3B). Since the photon radiation weighting fac-
tor is W = 1, the effective absorbed dose rate is 55nSvs~!. To have an idea of the
magnitude of such a dose, one can consider the effective absorbed rate due to the
background radiation in Geneva (CH), which is around 30 pSv s712, Consequently,
the effective dose rate in GIF++ when the source is covered at its maximum ABS
factor, is 2000 times the effective dose rate due to the background environment ra-
diation. Analogously, the effective dose rate in GIF++ when ABS = 1 (maximum
background rate) is 1 million times the background radiation effective dose rate.

4.2 Test beam setup

The detector under test is a stack of four MEO triple-GEM detector prototypes. The
four chambers are equally spaced at a distance of 3.6cm (GEB to GEB) and held
together by the mechanical structure shown in Figure 4.4A. As depicted in the afore-
mentioned figure, only the wide GEB is instrumented. The overall schematic test-
beam setup is shown in Figure 4.4.

?Data taken from the EU Radioactivity Environmental Monitoring webpage [78], relative to the
week 23-30/06/2024.
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The stack is located downstream of the '¥’Cs source, at a distance of 90 cm from it.
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FIGURE 4.4: (A) Four-layer stack with the mechanical support at laboratory 904, CERN.
Only the wide GEB is instrumented. (B) Two-dimensional scheme of the test beam
setup. The yellow area represents the irradiation field coverage.

This distance allows for the largest background rate ever measured in MEQ proto-
type test beams. The mechanical structure is attached to the facility wall by its side,
in such a way that the muon beam, whose axis is at 80 cm from the wall, hits the
chambers only in the instrumented region. The position of the stack in the bunker
is schematized in Figure 4.4B; the yellow area in the aforementioned figure repre-
sents the radioactive source irradiation cone. It is noteworthy to observe that, due
to the very short distance of the source from the stack, the irradiation field is not
homogeneous throughout it.

The trigger system is made of two 30x 30 cm? scintillators provided by the GIF++
and located outside of the irradiation cone of the source in such a way to trigger only
on the muon beam. The two scintillators are read out by PMTs and the trigger signal
is their coincidence. The overall block scheme of the test beam setup is depicted in

Figure 4.5.
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FIGURE 4.5: Overall block scheme of the test beam setup. The scintillators are out of the
radiation cone, both downstream and upstream.

The readout system employed for the current test beam is shown schematically
in Figure 4.6. The front-end electronics coincide with the MEQ foreseen electronics:
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the VFAT3 is the front-end chip and the concentrator OptoHybrid (OH) handles the
communication with the backend (as explained in Section 3.3). Regarding the back-
end electronics, a commercial CVP-13 board is used. CVP-13 is a PCle board and it
is able to read 4 half-GEBs, in this case, the wide GEBs.

In the VFATS3 chip, the duration of the synchronized digital signal can be extended
in time to last from 1 to 8 clock cycles (25ns). The duration of the signal can be set
by varying the pulse stretch (PS) from 0 to 7: tsiga = (PS +1) x 25ns. During the
current test beam, two types of acquisition have been performed:

¢ the source scans: when the beam is turned off and only photons from the
source traverse the detector. For these runs, the PS has been set to 0;

¢ the physics runs: when both the beam and the source are turned on. Since the
aim of these runs is to measure the muon efficiency, the PS has been set to 7
(tsignat = 200ns). Indeed, the larger the PS the longer is the time window of
acquisition, resulting in a higher probability of detecting the traversing muons.
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FIGURE 4.6: Scheme of the readout system used at the GIF++ test beam in 2023.

4.3 Test Beam operations

The test beam consisted of 14 days of data taking. After a first calibration step, in
which s-curve scans and s-bit scans were performed, in order to check the noise
level and determine a reasonable VFAT threshold, a HV scan was performed. The
HV scan consists of measuring the efficiency of the detector at different HV points, in
order to determine when the plateau of the efficiency is reached, and, consequently,
fix a reasonable value of the high voltage point for each detector. Then, a back-
ground rate measurement has been performed, in order to determine the exact rate
of interacting 7y photons at different values of the attenuation factor of the source,
i.e. at different ABS. Finally, a rate capability measurement was made: the detector
efficiency was measured for different values of the attenuation factor, in order to es-
tablish how the efficiency varies at increasing background rates, and use its trend to
infer the dead time of the detector. Additionally, when operating triple-GEM detec-
tors in the GIF++ high rate of background, the HV drops due to the high current that
flows through the protection resistors.

An HV compensation procedure is performed to apply the correct voltage to the
chambers’ electrodes. An outline of the compensation procedure and how it is ap-
plied in the GIF++ test beam is provided in Appendix C.
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4.4 Reconstruction

Reconstruction consists of converting the binary data obtained from the detector
electronics to physical objects. The track-based reconstruction chain adopted con-
sists of three steps:

* the unpacking, that consists of decoding binary electronics data to information
on readout channels hit event by event;

¢ the hit reconstruction, through which hits made of consecutive strips are clus-
tered; strip clusters are mapped to a position in the detector plane to obtain
reconstructed hits, also termed "rechits". The clusters are fully described by: a
center, a cluster size, and an arrival time with respect to the trigger (the choice
of the arrival time will be discussed in Chapter 5);

* the track reconstruction, consisting of fitting particle tracks from reconstructed
hits to obtain a segment.

As of particular interest for the efficiency measurement, an in-depth description of
the track reconstruction procedure is given. As described above, the test beam setup
does not comprise external trackers, so the 4-layer stack is used standalone for the
reconstruction. In particular, for each event, the "propagated hit" on the i-th chamber
(i=0,1,2,3) is computed as follows:

e all the rechits from all the chambers except the i-th (labeled "detector under
test") are fitted with a linear function, that is a "partial track". In case there is
more than one rechit per chamber (i.e. multiple possible partial tracks), the one
with the least x? is saved and the other ones are discarded;

* the intersection of the partial track previously obtained with the plane corre-
sponding to the detector under test returns the "propagated hit", alternatively
labeled "prophit".

A scheme of such a procedure is depicted in Figure 4.7.
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FIGURE 4.7: Schematic of the procedure used to determine propagated hits.

4.5 Analysis workflow

4.5.1 Beam profile

The detectors in GIF++ are irradiated by both the '¥Cs radioactive source and the
H4 muon beam. "Switching off" the radioactive source (namely setting maximum
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ABS = 46000), a measurement of the beam profile has been performed, in order to
determine its characteristics, in terms of direction and intensity, depending on the
position along the chambers. For the sake of clarity, in Figure 4.8A the frame of ref-
erence of the MEO stack and that of the GIF++ source are shown together.
Figure 4.8B shows the shape of the beam in the x direction in the detector frame
of reference, which is the vertical direction in the frame of reference of the GIF++
bunker, and over the four eta partitions.

It is apparent that the beam hits predominantly the partitions etas 1 and 2, while
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FIGURE 4.8: (A) Scheme of the two different reference frames: the stack frame of ref-
erence and the GIF++ frame of reference. The red arrow represents the muon beam
direction. (B) 2-dimensional prophit maps, showing the distributions of the x positions
and eta partitions of the muon beam along one of the 4 stacked layers without back-
ground hits from the radioactive source. The count per bin is expressed in a logarithmic
scale. These hits have been accumulated during one run lasting around 2:30 hours

its intensity sharply decreases along etas 3 and 4. Accordingly, the analysis of the
efficiency has been performed only over eta 1 and 2, due to the strongly different
statistics over the different eta partitions. The distribution of the size of the clus-
ters® are depicted in Figure 4.9A, showing that most of the reconstructed hits are
associated with clusters of size 3.

Furthermore, the track reconstruction algorithm returns the slope and the in-
tercept of the lines obtained fitting the reconstructed hits on 3 over 4 chambers, as
described in section 4.4. Figure 4.9B shows the distributions of the slopes and in-
tercepts of the reconstructed tracks. Most of the tracks appear to be very straight,
as evident from the aforementioned plot, and there is a halo of higher slope tracks,
which are mainly generated by track reconstruction affected by the noise hits, or,
much less frequently, by muon multiple Coulomb scattering. The shape of the halo
is due to the geometric acceptance of the stack, e.g. tracks with a large positive (neg-
ative) intercept must have a large negative (positive) slope to be fully contained in
the detector volume.

4.5.2 Background rate measurement at the GIF++

The intensity of the impinging photon flux on the detector is related to the ABS factor
through the relation in Equation 4.1. A direct high-granularity measurement of the
background rate at the GIF++ is needed to know the background rate throughout

3i.e. the number of strips in a cluster
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FIGURE 4.9: (A) Cluster size distributions for muon hits in chamber 0. (B) 2D distribu-
tion of reconstructed tracks’ slopes and intercepts.

the detector corresponding to the different values of the attenuation factor. The DAQ
path was used to estimate the background rate with single strip precision on all four
GEM chambers. The rate is measured with a 50 kHz cyclic trigger, configuring the
VFATS3s for pulse stretch zero. Consequently, the rate on the i-th readout channel is
calculated from the number of events v; in which the i-th channel recorded hit with
the equation:
Vi

i = 5 s
where 1 represents the total number of events in the run and 25 ns is the duration of
the time window opened at each trigger. Figure 4.10 shows the distribution of the
measured rates. Fitting the distribution with a Gaussian, the y parameter represents
the average rate per strip on the selected eta partition of the selected chamber and
the ¢ is the inhomogeneity of the photon flux along the partition. For the sake of
clarity, the results of the background rate measurements are considered separately
for low ABS values (ABS<10 or ABS~! >0.1) and for high ABS values (ABS>10 or
ABS~! <0.1).

Concerning the measured rate at low ABS values, Figure 4.11 shows the result-
ing rate scan as a function of the reciprocal of the GIF++ source attenuation factor.
Some preliminary observations about the measured rate can be made according to
the GIF++ irradiation field, previously shown in Figure 4.3B:

(4.2)

* the rate is not homogeneous throughout each chamber, because of the prox-
imity of the stack to the radioactive source. In particular, the chamber is in
correspondence of the border between the core of the irradiation field (red re-
gion) and its halo (yellow region);

¢ due to the presence of collimators around the source, the rate per strip in the
halo deviates from the Lambert law trend, and it saturates already at values of
the ABS factor larger than 1.5.

The rate increases increasing ABS™!, but the linearity, described by the Lambert law
(here the hypothesis of a thin medium is verified), is substituted by a saturating
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trend. Indeed, as discussed in Appendix A, due to the detector dead time the mea-
sured rate depends on the "true" rate via the following function:

. mx + g
1+ t(mx +q)’

f(x) (4.3)

where the "true' rate is a linear function of the ABS™! factor. The parameters m and g
are, respectively, the slope and intercept of the line, and 7 is the reciprocal of the sat-
uration value, namely the dead time of the detector. The results of the fit are shown
in Figure 4.11

The maximum rate that can be measured by each single strip is limited by the dead
time of the detection system (detector+readout). Then, it must be at least larger than
the dead time of the front-end VFAT3 chip, which ranges from 400 to 1000 ns; The
parameter T of the fit can be, then, interpreted as a first estimation of the dead time
of the chamber. As evident from the plots in Figure 4.11, the error in the estimation
of the dead time is significant due to the fact that the plateau is not reached and the
uncertainty introduced by the extrapolation is considerable. As a consequence, the
measurement of the dead time is less precise in the low-rate regions.

Figure 4.12 shows the average rate per strip for ABS™! <0.1. While the ABS™! de-
creases (moving towards the left-hand side of the plot) the rate first decreases lin-
early (as expected according to the Lambert law) but then it starts saturating. The
saturation is related to the fact that lower ABS~! means larger absorbers’ thickness,
so the hypothesis of a thin medium of the Lambert law is not valid anymore. In
particular, the nominal attenuation factor is defined as attenuation of 662 keV pho-
ton flux, and for ABS factors greater than 10, the effective attenuation is consider-
ably lower than the nominal one, since scattered photons with energy smaller than
662 keV (generated by the photon energy degradation through GIF++ instrumenta-
tion) contribute substantially [7].

Furthermore the rate per unit surface has been computed. considering the area of
the strips in each partition (listed in Table 4.1). In Figure 4.13A, it is depicted the
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is performed and the shadow represents 1c error over the fitting parameters, while the
dashed line is the linearized function obtained taking only the numerator of the fitting
function. In the upper x-axis, the corresponding values in terms of ABS are shown.

trend of the normalized rate per cm? as a function of the eta partition is approxi-

mately the same at different values of the attenuation factor. Here, the rate per cm?
has been taken into account because of the different configurations of the strips in
the 4 eta partitions considered.

Finally, in Figure 4.13B the cluster size distribution for the background hits pro-
duced by the photon flux when ABS = 4.6 is shown. It can be noted that background
photons produce mostly clusters of size 1.

4.5.3 Efficiency computation

In order to evaluate the performance of the MEO prototype to track muons under a
high background rate, a measurement of the efficiency is performed.

In case of no background hits, the efficiency can be computed as follows. For each
event and for each detector, the overall reconstruction process returns the recon-
structed hits and the propagated hit position, obtained with the procedure described
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Eta partition 1 2 3 4 5 6 7 8
Area (cm?) 627 | 549 | 448 | 336 | 302 | 246 | 210 | 158
Number of strips | 360% | 384 | 384 | 384 | 384 | 384 | 384 | 384
Area per strip (cm?) | 1.74 | 1.42 | 1.17 | 0.88 | 0.79 | 0.64 | 0.54 | 0.41

TABLE 4.1: Summary of the areas of the eta partitions, the number of strip and the area
per strip per eta partition in a CMS MEOQ triple-GEM chamber.

in Section 4.4. Then, it is considered the distribution of the track residuals, that is
the distance along the x direction (in the local detector coordinates) between recon-
structed hits and a propagated hit in the same detector and eta partition.

In Figure 4.14, the distributions of the residuals for each event and each chamber, are
depicted®. Fitting the residual distributions with a Gaussian function, y and ¢ can
be inferred. In particular, the ¢ is linked to the spatial resolution of the detector, but
it is influenced by the track reconstruction procedure. For the two outermost layers
(0 and 3), the propagated hit position is obtained via an extrapolation, so its uncer-
tainty will be larger and will make the ¢ larger than the expected spatial resolution
of the chamber (~p/+/12). As the interpolation is less affected by the uncertainty,
for the two innermost layers (1 and 2) the ¢ is closer to the spatial resolution. Before
computing efficiency, the "good" events must be selected, considering only those
presenting one propagated hit in the selected detector and eta partition. In the sub-
sequent computation, the aforementioned events will be named "filtered events".
Without this selection, the events in which no muon track is reconstructed would be
considered. The aim, instead, is to compute the efficiency to track muons, once that
a muon track is reconstructed.

Finally, the efficiency of the i-th detector and j-th eta partition can be defined as the
ratio between the number of filtered events that have at least one residual lower than

5When there is more than one rechit per event in the eta partition hit by the muon track, the mini-
mum residual is considered.
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a certain multiple M of ¢ ("residual cut") and the total number of filtered events:

N(filtered events | min|xprop — Xrec| < M- 0)
Tree (4.4)

em = N (filtered events)
However, the computation of the efficiency in the presence of background slightly
differs from the procedure described above. When the background rate increases, it
also increases the probability that a photon causes a strip to fire within the matching
window previously defined. This can increase the number of events at the numer-
ator of Formula 4.4, causing a measured efficiency artificially higher than the effec-
tive efficiency. Therefore, the effective efficiency is computed statistically to reject
the muon contamination by background in the tracks [63]. Figure 4.15 shows the
residual distribution on the MEQ detector in two runs at high and low background,
respectively 4.6 and 69 in terms of attenuation factor.

As evident from the aforementioned figure, at a high background rate, there is an
approximately uniform distribution of residuals out of the Gaussian core, centered
in the mean of the Gaussian and Mo large (M~3-5 is a reasonable choice, depending
on the efficiency plateau). This constant background is generated by the spurious
hits of the v photons randomly distributed throughout the chambers, according to
a uniform probability distribution. Due to the high contamination of background
events, the efficiency cannot be measured event by event simply applying a cut on
the residuals. Therefore, the number of background hits within the residual cut, i.e.
fake muon hits, is estimated from the sidebands and subtracted from the count of
the matching hits. To compute the efficiency statistically, we first define two classes
of events:

¢ event A = a muon hit is found compatible with an extrapolated track position
within a residual cut x.;

¢ event B = a background hit is found compatible with an extrapolated track
position within a residual cut x.
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Next, the measured efficiency, as defined in Equation 4.4, can be rewritten in terms of
frequentist probability:

em = P(AUB) = P(A) + P(B) — P(A)P(B) . (4.5)

The two terms P(A) and P(B) are, respectively, the "true efficiency” € of the detector
and the "background contamination", b. The latter can be calculated as the number
of events with at least one hit in the sidebands between two cuts x, and xs, appro-
priately rescaled to the area of the acceptance region:

xc — xo N{hits | xo < |Xprop — Xpee| < Xs}

b= Xs — X¢ N{hits}

(4.6)

where x; is an arbitrary cut on the residuals used in the evaluation of the sidebands.
By inverting the formula,

(4.7)

4.6 Results and discussion

4.6.1 HYV scan

The detector efficiency has been measured in a run with source off at increasing val-
ues of the detector equivalent divider current, from 640 nA to 700 pA, in order to
determine the detector’s best working point. The procedure performed to compute
the efficiency is the same as described in Section 4.5.3. Figure 4.16 shows the effi-
ciency as a function of the HV. The efficiency reaches its plateau of 98% at an HV
point corresponding to 680 pA of equivalent divider current.
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hits.

4.6.2 Efficiency measurement

Figure 4.17 shows the efficiency as a function of the cut over the residuals for one
of the four chambers of the stack. As apparent, the efficiency plateaus when the
multiple that defines the cut gets larger than 4, approximately. Hence, M=5 seems a
reasonable choice to evaluate the associated efficiency. Due to radiative losses (e.g.
delta-electrons) the tails of the residuals are not Gaussian but can be rather described
by a crystal ball function. Therefore, a usual 3¢ cut does not cover the typical 99.7%
of events expected for a normal distribution. In Table 4.2 the values of the efficiency
at 50 for all the chambers are listed.

€m at 50 chamber 0 | chamber 1 | chamber 2 | chamber 3
eta partition 1 0.981 0.973 0.979 0.965
eta partition 2 0.982 0.971 0.979 0.963

TABLE 4.2: List of the muon reconstruction efficiency at 5 residuals’ sigma cut for all the
four chambers.

Comparing these results with the ones from previous tests [63], some differences
show up. The former shows that the efficiency starts saturating approximately at
98%, while the latter yields as upper limit 95-96%, as a consequence of the chamber
HYV segmentation. This increase in efficiency can be explained considering that the
setup of the aforementioned test beam was provided with an external tracker, thus
taking into account also muons passing through the inactive zones of the chamber
under test generating the plateau. In contrast, in the test beam under analysis the
lack of the external tracker and the precise alignment achieved by the mechanical
support make the stack insensitive to most of the muons that pass through the dead
zones of the chambers, resulting in a higher, but biased, relative efficiency.

When the GIF++ Cs source attenuation factor is reduced (i.e. the source is "ON"), the
background particle rate must be taken into account. According to the procedure de-
scribed in Section 4.5.3, Figure 4.18 depicts the efficiency as a function of the residual
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cut before (in red) and after (in blue) the background subtraction, showing how the
former increases gradually at increasing cut while the latter reaches a plateau as in
the no-background case. The background subtraction is larger the higher is the rate
of background photons, and, indeed, it is more effective in eta 1, than in eta 2, ac-
cording to the aforementioned plots. Additionally, the efficiency decreases substan-
tially with increasing rate. The efficiency measured is 78% in eta 1 and 87% in eta
2, that, compared with the 98% of efficiency measured when almost no background
hits the same chamber, shows a decrease of respectively 20% and 10%. This drop
of the efficiency when the background rate increases should be related to the rate
capability of the detector, resulting in a rate capability lower than the one measured
in previous tests [63]. Nevertheless, it is noteworthy that in the current test beam the
stack is used standalone in the reconstruction, and this feature can strongly affect
the efficiency measurements because the stack itself cannot distinguish in any way
muon hits from photon hits. In the next section, a deep insight of the limits of the
reconstruction procedure will be provided.

4.6.3 Rate capability measurement

Measuring the efficiency at increasing background rate, a drop in efficiency is ex-
pected as a consequence of the limits in rate capability imposed by the dead time of
the detectors’ electronics. The aforementioned trend of efficiency can be exploited to
infer the dead time of the detector, according to the model described in Appendix A.
The rate capability of all the four MEO prototype chambers of the stack has been
measured evaluating the efficiency for muons of each chamber with the radioactive
source activated. The measurement has been repeated for different values of the at-
tenuation factor, i.e. different values of the background rate as measured in Section
4.5.2. The measured efficiency to muons of the MEO detector as a function of the
background rate is shown in Figure 4.19. A significant efficiency drop (~15%) is ob-
servable within the range of background flux.

In the framework of detection techniques, a model has been developed to describe
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FIGURE 4.17: Muon reconstruction efficiency as a function of the cut on the o of the
residuals’ distribution for chamber 0 and eta 1 and 2 for a run without background
(source off).

the efficiency of a detector as a function of the rate of impinging background parti-
cles in a nonparalyzable® response detector [79]. It is described in Appendix A. To
quantify the loss of efficiency, a fit is applied to the rate capability curve with the
function in Equation A.4, where 7 is the background rate measured in the rate scans,
and the fit parameters €y and 7 are respectively the efficiency without background
and the dead time of the system. The aforementioned plot shows a significant effi-
ciency drop, which corresponds to approximately 1 ps, in terms of dead time. This
result differs from the expected one determined from previous tests on MEO pro-
totypes, according to which a dead time of the order of 100ns is expected. Once
again, this discrepancy is allegedly caused by the lack of an external tracker, which
makes the reconstruction procedure less reliable. In fact, the determination of prop-
agated hits over one chamber is determined from the reconstructed hits over the
other chambers. Therefore, the segment quality is impacted by the presence of back-
ground and may lead to artificially underestimate the efficiency. Then, to improve
the measurement of the rate capability of the stack in the GIF++ environment, one
needs to employ external trackers’, that can reconstruct the muon track. Conse-
quently, with the external tracker, muon hits can be distinguished from the photon
hits, and the efficiency can be computed more accurately.

However, knowing the profile of the muon beam measured with very low rate of
background, some selections can be performed to avoid taking into account faulty
tracks. The following reasonable selections can be performed:

e x> < 10, in order to select only tracks successfully reconstructed. Figure
4.20A shows the x? distribution for one chamber, highlighting that badly re-
constructed tracks represent a negligible fraction of the total amount of tracks;

* |slopey;| < 0.1, that characterizes muon tracks in the muon beam, as observed
in its profile measurements (see Section 4.5.1) and emphasized by the plot in

®True events that occur during the dead period are lost and assumed to have no effect whatsoever
on the behavior of the detector.

7A group of chambers with a finer pitch (with respect to the detectors under analysis) and/or far
enough from the source (to be irradiated with a lower background rate).
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FIGURE 4.18: Muon reconstruction efficiency as a function of the cut on the ¢ of the
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the procedure of background rejection. These plots show non-optimal plateau values,
but they are obtained without any quality selection on the tracks reconstructed, which
are necessary when the stack is used standalone in reconstruction under high rate of
background.

Figure 4.20B that shows the comparison of slopey, distributions for a run with-
out background and a run with high background.

* |slope,.| < 0.01, which selects only tracks that traversed the same eta partition
for all four chambers. The comparison of the distributions without and with
background is provided in Figure 4.21;

The number of events with at least one partial track surviving each of these cuts is
represented in Figure 4.22 for a high background rate run, showing that, overall,
only the 10% of the events is excluded.

Then, the results of such selections are shown in the plot in Figure 4.23. The effi-
ciency drop results to be significantly reduced and in agreement with the expected
one.

In Table 4.3 the values of the dead time inferred from the above-mentioned fitting
procedure are listed per chamber and per eta partition.

T(ns) | chamber 0 | chamber 1 | chamber 2 | chamber 3
etal 98 +£10 182 £ 11 126 +8 98 +8
eta2 | 67+11 160 + 12 97 £10 131 +£12

TABLE 4.3: Dead time inferred from the fit of the detector efficiency as a function of the

rate per strip.

Among the possible sources of the efficiency drop observed, one can count:

¢ the intrinsic detector rate capability;

¢ the offline reconstruction in high background;

¢ the read-out electronics.
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The contribution of the intrinsic rate capability at these rates ($250 kHz/strip) is
negligible because the HV drop is lower than ~5V (see Appendix C). As apparent
from the HV scan in Section 4.6.1, the detectors’ gain is not affected by the HV drop
caused by the background irradiation.

The offline reconstruction using the stack standalone introduces, instead, a decrease
in the efficiency caused by the increase of background hits. Although, this effect has
been mitigated by introducing quality criteria for selecting only the "good" tracks.
Once selected the "good" tracks, the read-out electronics represent the most signifi-
cant source for the observed dead time. In particular, among the front-end compo-
nents, the VFAT3 ASIC is quoted for a rate capability around 2 MHz/strip [68], at
least one order of magnitude higher than the rates reached at the GIF++. Nonethe-
less, previous test beams at GIF++ and tests with x-ray irradiation have already
proved that the MEQ detector is not only limited by the gain loss due to the resis-
tive effect but also by the dead time of its front-end electronics. This is confirmed by
the results of this test beam.

A Monte Carlo toy has been developed (see Appendix B) to simulate the effect of
the VFAT3 dead time, and estimate how the dead time of the single strip and of the
whole detector are influenced by the cluster size of muon hits and background hits,
confirming that the results obtained in the current test beam align with the rationale
that attributes the limited rate capability primarily to the VFAT3 dead time.
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FIGURE 4.20: (A) Overall x? distribution for a run with ABS = 4.6, the dashed red line
corresponds to the value of the cut (x> < 10). (B) Overall distributions of the slope, for
two runs, one with no background and one with ABS = 4.6. The two dashed red lines
correspond to the two cuts.

4.7 Offline detector monitoring

Together with the tracking measurement performed to compute the 4-layer stack re-
construction efficiency, the current flowing through each electrode of the four triple-
GEM detectors employed has been measured and analyzed. In particular, in the
following sections, a measurement of the integrated charge and the discharge rate is
presented, aimed at investigating the solidity of previous results. Data from GIF++
monitoring [80] and the HV monitoring board (with a sampling rate of 1 Hz) have
been used, in order to know second by second:

¢ the current flowing through each of the seven electrodes;
¢ the value of the source status (ON/OFF) and its attenuation factor;

The current flowing through each foil is determined by the number of electron/ion
pairs generated by ionizing interactions and moving in the gas. Since the muon rate
(5-100 kHz) is far lower than the rate of the source (1-10 MHz), the current generated
by muons is negligible, with respect to the current generated by the background
photons passing through the whole chambers. This means that the current is linearly
proportional to the interacting rate of the background, with a factor that depends on
the gain of each gap.

The dependence of the current over the rate is obtained and shown in Figure 4.24.
As expected, a linear trend is observed in the central region, while at the extremes of
the rate range, the experimental points deviate from the straight line:

e At the lowest values of the rate, the current increases more quickly. This is
probably due to the fact that at larger thickness of the absorbers (ABS>10)
the probability of Compton scattering increases and the fraction of low en-
ergy photons in the flux increases. Since lower energy photons have a higher
cross-section of interaction with the detectors” medium, the average number
of primary electron/ion pairs increases accordingly.
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¢ At the highest values of the rate, the current starts saturating because of the HV
drops through the protection resistors (the detector is under-compensated).

4.7.1 Integrated charge

As the GIF++ is mostly used as an irradiation facility, it is interesting to know the
collected charge during the rate tests performed.

Integrating the current over the time of the test beam, the integrated charge for each
electrode can be obtained. Particular interest lies in the charge integrated over the
bottom electrode of the third GEM foil, which measures a current equal to the one in-
duced on the anode. The overall charge integrated on the whole chamber 3 is shown
in Figure 4.25A reaching 4C. The latter result can be used to compute the average
integrated charge per unit of surface per eta partition, since each partition is hit with
different rates, as shown in Figure 4.13A. The integrated charge, though, includes
also the eta partitions that are not instrumented with the GEBs, whose rate cannot
be measured directly but only extrapolated. The rate as a function of eta seems to be
well approximated by an error function. Once fitted with the latter, the rates for the
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represent the result of the fit with the function in Eq. A.4. The fitting parameters shown
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eta partitions from 5 to 8 can be extrapolated. In Figure 4.25B, the aforementioned fit
result is shown. Then, the weighted average rate 7 on each chamber, using as weight
the irradiated surface, namely the surface of the eta partition (listed in Table 4.1). At
this point, for each instrumented eta partition a coefficient can be computed:

ki = 77 i=1,2,34 4.8)

where 7; is the measured rate on the i eta partition. Multiplying these coefficients
by the average integrated charge per unit surface, an estimate of the average inte-
grated charge per unit surface per eta partition is obtained and shown in Figure 4.26.

As expected, the observed integrated charge (~2.5mC cm~2) is much lower than
the one expected in CMS for the HL-LHC scenario, which has been estimated to be
approximately equal to 8 Ccm 2. In fact, usually, aging tests are performed with
highly ionizing particles, like « particles, or with x-ray sources with far larger rates.
For the purposes of this test beam, it is sufficient to observe that no deviations from
the expected behavior are observed at the level of integrated charge reached, as no
gain drop has been observed throughout the data taking.

4.7.2 Discharges

The current monitoring allows to count the number of discharges occurring through-
out the test beam. In particular, the computation of the average current for the dif-
ferent values of the attenuation factor provides a baseline for the current flowing
through each electrode. Thus, a discharge can be defined as a spike that exceeds
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FIGURE 4.24: Average current monitored over each electrode of layer 0 as a function of
the average rate per strip on eta partition 1. The dashed line is a linear fit.

the baseline of a certain threshold. Figure 4.27A shows the discharge rate as a func-
tion of the attenuation factor when the HV compensation is active. As apparent, no
particular trend emerges from these plots, thus, implying that the discharge rate is
independent from the attenuation factor, and, then, from the background rate. This
result is a consequence of the type of particles constituting the background in the
test beam under analysis. The energy spectrum of the ¢ photons produced by ¥Cs
source at the GIF++ ranges from 100 to 660 keV, hence their ionizing power is lower
than that of the particles that constitute the background in events of pp collisions
at CMS, as pointed out in Figure 2.8. As worth comparing, Figure 4.27B shows the
trend of discharge rate as a function of the ABS factor when the HV compensation is
not applied. No significant differences with respect to the previous case are found,
confirming that the HV compensation procedure does not enhance the discharge
rate under a high background irradiation.

4.8 Conclusions

The dead time for the chambers is approximately 100-120 ns, in agreement with the
previous measurements [63]. At the highest background rate considered (~200 kHz-
/strip), the efficiency drop is 1-2% on each detector. Consequently, the efficiency of
the stack is (95%)* = 81%, while the efficiency for a six-layer stack (since at least 5
hits are required to build a segment) is 97%. The measured rate is comparable to the
expected one in CMS Phase-2 upgrade in the highest 7 region of MEO station (eta
partition 8), and the measured efficiency drop is negligible for the physics goals of
MEQ. Concerning the offline detector monitoring, the results are in agreement with
the expectations: the efficiency does not drop after integrating a charge of ~4 C per
chamber, and the discharge rate is constant both without and with HV compensation
being applied.
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Chapter 5

CMS MEO performance with MIPs

This chapter describes the spatial and timing performance of a full stack of six MEO
detectors with high energy muons. In particular, in the first part of the chapter the
offline alignment procedure developed for the stack will be outlined, while, in the
second part, a measurement of the time resolution of the chambers will be described
together with the most relevant results obtained. In particular in addition to the
time resolution of the single chambers, also a measurement of the MEQ stub timing
is performed since the L1 trigger requires segments in the MEQ detector.

The results of the current chapter are based on data taken from a two-week test beam
campaign conducted at the SPS H4 beam line in the North Area in April 2024, and
from measurements with cosmic rays in laboratory.

5.1 Setup and electronics

The six-layer stack of the MEQ prototype is an extension to six layers of the four-layer
stack extensively described in Chapter 4. Hence, it is composed of six MEQ second-
generation prototypes held together at a distance of 3.6 cm from each other. Un-
like the setup previously mentioned, for the measurements presented in the current
chapter, both the narrow and the wide GEBs are instrumented, allowing to readout
all the eta partitions of the chambers. The setups employed during the testbeam and
for the cosmic stand are identical, with the only difference being the orientation, as
displayed in Figure 5.1. Both in the testbeam and in the cosmic stand, the trigger
system is made of two 30x30 cm? scintillators, whose coincidence is required.

H

SO
S1

O R, N Wk WU

543210
(A) (B)

FIGURE 5.1: Schematics of the setups of, respectively, the H4 test beam (A) and the
cosmic stand (B).
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5.1.1 Trigger system

The VFAT3 is designed to synchronize output digital signals with the LHC 40 MHz
clock. For this reason, to measure the MEQ timing one needs to apply a "trigger
conditioning" to select only the events containing muons with arrival time in phase
with the electronics clock. In the laboratory setup, the clock is generated by the
AMC13 clock, and the conditioning is performed requiring the coincidence of three
signals:

¢ AMC13 clock out (negative front);
¢ 2 PMT signals, discriminated and set to a narrow time width (~5ns).

To reduce the trigger jitter, AMC13 clock is coupled with a dual timer NIM module
to last only 5ns and the time width of the discriminated PMT signals is set to 5ns,
too. The full trigger scheme is shown in Figure 5.2.

PMT 1
L - ..J-.,_L. | AMC13 clock

~, Trigger

M 2 | ! Shorter clock
PMT 2 2 N3
. | / 1
T J |
i

PMT 1

Clock out

AMC13  —— Dual timer

—~ PMT 2

) Trigger

FIGURE 5.2: Full schematic of the trigger conditioning system

This setting ensures a trigger jitter of about 2ns. Reducing the trigger jitter is im-
portant because it influences the time resolution measurement. Indeed the arrival
time of a certain hit is evaluated with respect to the trigger reference time. Conse-
quently, the fluctuation in the arrival time takes into account also the fluctuations of
the trigger reference, i.e. the trigger jitter:

0(t = tiigger) = /T (62 + 0 (trigger)?

5.2 Offline alignment

The mechanical alignment of the six chambers of the stack is not enough to ensure
a precise strip-by-strip alighment among consecutive chambers, with the result of a
worse spatial resolution. Therefore, an offline procedure needs to be undertaken in
order to improve it. Figure 5.3 shows an example of a misaligned chamber within a
stack, and, as evident, the misalignment causes an offset between the reconstructed
hits on one chamber and the corresponding propagated hit. The residual distribu-
tion can, thus, provide a quantitive evaluation of the stack misalignment. Figure
5.4 shows the residual distribution before applying any alignment. Considering that
the strip pitch ranges from 0.8 to 1.2 mm, the misalignment corresponds to less than
a strip, but still more than the typical spatial resolution of the detector, i.e. ~ 230-
350 um. The following iterative procedure to align a set of chambers in a stack can
be defined:
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FIGURE 5.3: Partial schematic of the setup, comparing the real stack with one mis-
aligned chamber (in green) and the stack according to the geometry used by the soft-
ware (in absence of alignment corrections) for the track reconstruction. The numbers
refer to the indices of the strip, highlighting that the misalignment generate a displace-
ment between the rechit (in position 7) and the corresponding prophit (in position 8).

0) For the initial geometry, the average offset between reconstructed and propa-
gated hits is given by the mean of the fitting Gaussian:

<x9ec - xgrop> = Ho -

1) The geometry is updated, redefining x%,. — x},. = x%,. — uo.

2) The steps 1)-2) are repeated for all the chambers in the stack. Chamber by
chamber, the iteration updates the geometry. As the propagated hit position
depends on the reconstructed hits position, the new propagated hit position is

x}mr, = x?,mp + 41. Subsequently, a new residuals” distribution is obtained:
1 1 1
(Xpee — xprop> =0 =pu

where the new offset, j1, is due to the change in the propagated hits positions.
Thus, more than one iteration can be needed to minimize it.

i) At the i-th step, repeating the calculations made before:

i—1 . ,
. 0 . .
xil'ec = Xyee — Z “I/l] with ,‘l/l] = <x{’€C - xéﬂ‘op>'
j=0

The procedure is iterated until the correction term, y;, converges.

Figure 5.5 shows the trend of the correction term during the alignment procedure,
as a function of the iteration step. Convergence is reached after only two iterations,
confirming that the mechanical support already provides a good initial alignment.

5.3 Time resolution measurements

The role of MEO in the CMS L1 trigger imposes time resolution requirements to MEO
chambers. In particular, as discussed in Chapter 2, MEO will be used in CMS to trig-
ger on forward muons at the level-1 in coincidence with other objects. To obtain a
BX identification with 99% efficiency, a time resolution better than 4 ns is required.
Accordingly, the TDR [6] requires a time resolution of 8-10ns for a single chamber.
The reason for this requirement is the following. When dealing with a telescope of
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FIGURE 5.4: Residuals distribution before applying alignment procedure for all the
chambers taking only the eta partition with the highest number of hits, i.e. eta parti-
tion 2.

N detectors, its time resolution goes like 1/ V/N times the time resolution of the sin-
gle chamber!, if each chamber has the same time resolution. In order to have a time
resolution of 4 ns in the MEOQ six-layer stack, a time resolution of ~9.8 ns is required
for each chamber.

To demonstrate this in practice, in the cosmic stand a measurement of the time reso-
lution for the single layers together with the time resolution of the segment has been
performed. The time resolution of a detector depends both on the type of detec-
tor employed and on the front-end electronics used. The measured time resolution,
though, is also affected by the trigger system.

In particular, the GEM analog front-end is represented by the VFAT3, which has
two comparators: the Arming (ARM), which is a fixed threshold comparator, and
the Zero Crossing (ZCC), which employs CFD logic to improve timing with respect
to the ARM. ZCC timing performance are degraded by the noise overlaid with the
physics signal. In order to reduce such an effect, the ZCC threshold can be set. The
ZCC gets activated only when the signal exceeds the threshold, and when the ARM
fires the threshold is removed (set back to 0) and the zero-crossing point is evalu-
ated. The procedure is depicted in Figure 5.6.

The VFATS3 itself does not provide timing information directly, but the firmware can
be set to read together consecutive BXs. This firmware function is called multi-BX
readout. In the analysis that follows, data taken in the multi-BX readout mode are
considered.

In the following sections, the measurements of the time resolution of the digital hits
(labeled "digi"), of the reconstructed hits (labeled "rechit") and, finally, of the seg-
ments are discussed.

1if the time resolution is defined taking as arrival time of the muon the average of the arrival times
of the hits in the N chambers.
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FIGURE 5.5: Trend of the correction term as a function of the iteration step of the align-
ment procedure for all the chambers of the stack, eta partition 2.

5.3.1 Digi timing

Figure 5.7 shows the distribution of the arrival times of the digital hits. The time
resolution determines the spread of the hits among adjacent BXs, and it can be eval-
uated as the standard deviation of the distribution? (The Gaussian fitting, instead,
gets less reliable decreasing the time resolution, so it is not applied). The time reso-
lution is between 0.60 BX and 0.80 BX (15 —20ns), larger than the requirements.
Recent studies have shed light on the major cause affecting GEM chambers’ time
resolution: the different natures of the signals. Indeed, when a particle traverses the
detector, its strips not only see the well-shaped signals induced by the avalanche
but also cross-talk signals on the neighboring strips. The latter are typically bipolar
signals with null net charge and a negative part peaking earlier than the avalanche
signal, generating an earlier VFAT3 response. A comparison of the regular signal
with the bipolar signal is shown in Figure 5.8A. Therefore, the digi timing is affected
by the presence of bipolar signals generated by crosstalk hits, that generally fire
before the regular signal. The plot in Figure 5.8B shows that the central hits (position
0 for odd cluster size, positions -0.5 and 0.5 for even cluster size) within a cluster
arrive, on average, before the border hits.

As depicted in the plots in Figure 5.9, when the cluster size is odd (on the right) the
central strip (i.e. strip 0) arrives, on average, later with respect to the adjacent strips
(for example, +1 and -1); instead, when the cluster size is even (on the left) the two
central strips show a similar arrival time distribution.

2The uncertainty on the standard deviation is computed with the formula of the variance of sample
variance [82].

N X; N (X, —n)k
Given fi = % , e = w N Var(S2) — (lf4 _ ﬂ22) 4 (’)(N72) .

z| =
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FIGURE 5.6: Schematic showing how the ZCC threshold is applied to the signal. (taken
from [81], modified in form)

5.3.2 Rechit timing

In order to reduce the effect of crosstalk signals, clustering must be performed ac-
cording to the procedure described in Section 4.4; additionally, the arrival time as-
sociated with each cluster is the maximum among the arrival times of the strips that
compose it. Once reconstructed hits and their timing are computed, the new time
distribution is obtained and shown in Figure 5.11A. The influence of crosstalk hits is
clear, indeed removing their contribution the time resolution goes down to 11.25ns,
not yet in the required range, but closer to it.

One of the effect degradating the observed time resolution is that the average value
of the rechit time may be very different from an integer value, populating two time
bins equally (see Figure 5.10A). This effect can be corrected by adjusting the GBT-TX
phase, i.e. delaying the clock sent by the GBT to the VFAT3 by a fraction of BX (with
a granularity of 1/64 BX[83]); Figure 5.10B shows that the time distribution after this
correction is centered on the closest BX.

Finally, it is considered the contribution to the timing due to noise and cross-talk
hits separate from the muon cluster. To exclude their contribution, only hits match-
ing with the muon segment reconstructed by the other layers in the stack are taken
into account. Matching reconstructed hits are defined according to the definition
given in Section 4.5.3. As shown in Figure 5.11B, this further selection significantly
improves the time resolution to 10.00£0.25ns, in agreement with the TDR require-
ments.

5.3.3 Segment timing

MEQ trigger primitives are multi-layer segments, so another important feature to
measure is the time resolution of the segment. Time resolution of the segment is
improved with respect to the single chamber by statistics. In fact, given a stub made
from the hits on Niyers layers, the average arrival time will be distributed with a

standard deviation:
Olayer

Ostub = .
\V Nlayers

Taking into account all the possible combinations of the six chambers, the time reso-
lution of the stub has been computed and it is shown in Figure 5.12, showing a trend
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FIGURE 5.7: Distribution of the arrival time of the digital hits in units of bunch-
crossings. The fitting with a Gaussian function has been performed.

E 50i — Unipolar signal ]

° F —— Bipolar signal

S [

£ oF ]

=% r

= r

< .50 F 1
-100F B
-150F B
-200f B
o500

P T TRR TINT SO S R N |
0 50 100 150 200
Time (ns)

(A)

o
o

»
o

avg arrival time (BX)
s
o

35

3.0

25

20

T
Chamber 0
—+— evencls size

—4— odd cls size

0 2 4
relative strip

(B)

FIGURE 5.8: (A) Example of a regular signal compared to a bipolar signal obtained
with cosmic rays read from one strip of a MEQ detector using a linear amplifier. (from
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distinguishing odd cluster size (in red) from even cluster size (in blue).

that falls off like 1//Nigyers- As evident from the width of the error bars, there is
one chamber (chamber 1 in Figure 5.7) with a worse timing resolution that affects

the timing resolution of the stub.

Nevertheless, the average of the arrival times of the hits is not the only way to de-
termine the arrival time of the track. A possible alternative consists of taking the
median of the arrival times. In Figure 5.13, the distributions of the arrival times
for the six-layer segment (obtained respectively with the average, Figure 5.13A, and
with the median, Figure 5.13B) are shown. Accordingly, the time resolution of the

segment goes down to:
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FIGURE 5.10: Time distribution for the reconstructed hits in chamber 0 eta 4 for two
different runs: (A) before the GBT-TX phase adjustment (B) after the GBT-TX phase
adjustment.

¢ using the average: 0.21 4+ 0.007 BX = 5.25 + 0.18 ns, with a probability of the
0.3% of pre-fire, 2.4% of post-fire and ~97% of BX identification;

¢ using the median: 0.15 £ 0.02 BX = 3.75 £ 0.5 ns, with a negligible probability
of pre-fire (<0.001%), 2.9% of post-fire and ~97% of BX identification.

5.4 Conclusions

In conclusion, in the first part of the current chapter a procedure for the alignment
of the stack has been described. Only the transversal alignment has been performed.
The procedure for the angular alignment still needs to be developed, because it
needs both an extended beam (e.g. cosmic rays) and an extended trigger able to
cover the whole stack.

Concerning the measurement of the time resolution, the results achieved for the sin-
gle layers (o; = 10.00 +0.25ns) are in agreement with the TDR. Considering six-layer
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FIGURE 5.11: (A) Time distribution for all the reconstructed hits. (B) Time distribution
for the muon matching reconstructed hits.

segments, the time resolution goes down to either 5.2540.18 ns (using the average)
or 3.751+0.5ns (using the median). In both cases, the BX identification corresponds
to the ~97%.

However, the next step to validate the stack performance consists of measuring the
time resolution of the stack in presence of background. Background hits contaminate
the clusters, affecting the time resolution of the chambers.
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Conclusion

The work presented in this thesis is aimed at validating the performance of the pro-
totype of the CMS MEQ detector. In particular, the first prototype consisted of four
(out of the six foreseen in the final design) stacked triple-GEM chambers, instru-
mented only with the wide GEB. Data have been collected with the prototype stan-
dalone during a test beam campaign at the CERN GIF++ (in July 2023) and have
been subsequently analyzed, in order to validate the performance of the prototype
in the facility high-rate environment. With a background particle rate up to about
200 kHz/strip, the efficiency of the four chambers in detecting muons has been mea-
sured. The results showed an efficiency drop of ~1-2%, confirming the results ob-
tained in the previous tests performed on the single MEQ triple-GEM chamber [63].
The dead time measured is compatible with the dead time of the VFAT3 chips, used
for the frontend electronics, if one takes into account the different cluster sizes of
muon (~3) and background hits (~1). The average dead time measured is approxi-
mately 120 ns, ranging from 67 to 182 ns for the single chambers and partitions.

The analysis could be improved if an external tracker was employed. In fact, the
lack of external trackers caused:

* abias in the efficiency measurement with low background due to the overlap-
ping of the chambers’ dead areas.

* an enhancement of the efficiency drop, caused by the fact that the track re-
construction algorithm could not distinguish muon hits from background hits.
This limit has been overcome by applying quality cuts on the tracks, after an
analysis of the slope of the muon tracks in absence of background.

In April 2024, the final prototype of the six-layered MEO stack fully GEB-instrumented
has been completed. Accordingly, the first validation tests have been carried out
both with cosmic rates and in a test beam at the H4 beamline. In this thesis, a proce-
dure for the offline alignment of the chambers within the stack has been successfully
developed, using data from the test beam campaign abovementioned. Additionally;,
using cosmic rays, a measurement of the time resolution of the single chambers and
of the entire stack has been carried out. To measure the detector time resolution, the
reconstruction of readout clusters was modified to take into account the presence of
bipolar signals due to induction between adjacent strips. The results obtained have
shown a time resolution of the single chambers down to 10 ns, and a time resolution
for a six-hit track of approximately 5.25ns. In CMS MEQ segments will be mostly
(~97%) made by 5 or 6 hits. These results are in agreement with the requirement of
the CMS Phase-2 upgrade TDR, and are compatible with an excellent BX identifica-
tion of 97%. However, the measurement still needs to be performed in a high-rate
background environment to correctly validate the performance of the MEQ stack.
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Appendix A

Model for dead time behavior

In nearly all detector systems, there will be a minimum amount of time that must
separate two events so that they are both recorded. The limiting time may be set by
processes in the detector itself, and in other cases the limit may arise in the associated
electronics. In the GEM detector, the dead time is related to the dead time of the
comparator. The the detector under analysis works in non-paralyzable mode, the
corresponding model of dead time behavior is taken into account [79]. The response
of a detector system can be described in terms of the following variables:

e 11 = true interaction rate;
e m = recorded count rate;
* T = system dead time.

Assuming that the counting time is long, both n and m can be regarded as average
rates. The goal is to obtain an expression for the true interaction rate n as a function
of the measured rate m and the system dead time 7. In the non-paralyzable case,
the fraction of all time that the detector is dead is given simply by the product mT.
Therefore, the rate at which true events are lost is simply nmt. But, since n — m is
another expression for the rate of losses,

n—m=nmt (A1)

solving for m, the following formula is obtained:

o
14 nt’

(A.2)

Figure A.1 shows the function describing the measured rate, m, as a function of the
true rate, n, for different values of the dead time, 7. Defining the efficiency € = m/n
as the ratio between the average observed rate of events and the average input rate,
an expression of the efficiency as a function of the observed rate and the detector’s
dead time can be written as follows:

c— 1
C14nt’

(A.3)

Given that the detector has an intrinsic efficiency €p<1, the absolute efficiency be-

comes:
€0

1+nt’

€= (A.4)
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Appendix B

Monte Carlo toy for dead time

The GIF++ test beam results showed that the MEO detector operated in an intense
background environment has an efficiency for muons compatible with a dead time
in a range from 60 ns to 170 ns depending on the chamber and eta partition, as shown
in Table 4.3; simulations and measurements with x-rays have shown that the VFAT3
dead time, depending on the input charge, is comprised between 400 and 1000 ns.
A numerical simulation has been developed to understand how the detector dead
time can be related to the dead time of a single readout electronics channel by keep-
ing into account the effect of the cluster size both of the muon hits and of the back-
ground hits. The toy monte carlo works by generating events hitting a detector
surface made of 384 rectangular parallel strips (equal to the number of strips per #
partition in an MEQ detector) uniformly in space. This is not exactly the shape of
the MEO GEM chamber partitions, that are trapezoidal, but it is reasonable to make
such an approximation. In addition, the events generated are distinguished in two
classes:

e "muon" events, which occur with a cluster rate of ry =3 kHz per strip and are
the one we are interested in detecting;

* "background" events, which occur with a much larger cluster rate of ry, =
250 kHz per strip.

The area of the detector does not matter in the simulation. Each event contains one
hit; the hits are generated by sampling a random time from a Poisson distribution
with mean 7, /51 = (r}, /bkg X 384)~1, depending on whether it is a "muon" event or
a "background" one, and the central strip hit is sampled from a uniform distribution.
In order to take into account the different cluster sizes measured for "background"
events and "muon" events (shown, respectively, in Figures 4.13B and 4.9A), for each
event, the corresponding hit is digitized by assuming a cluster size that is sampled
from two different Poissonian distributions of average respectively 3 for muons and
1 for background. Since the null values sampled are discarded, the actual average
of the cluster size distribution is larger than the one used for generation, and the
cluster size distributions obtained are shown in Figure B.1.

Then, a dead time ty = 400ns is applied through the following procedure:

e for each strip, a "muon" event is marked as "not detected by the strip" if its dis-
tance in time from the previous hit, either "muon" or "background", occurring
on the same strip is lower than fo;

* an event is marked as "not detected by the detector" if it is not detected by any
of the strips it hits.

After applying the selection, the following two variables are calculated:
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¢ the efficiency of the strip is defined as the ratio between the number of "muon"
events detected by the strip and the number of "muon" events containing a hit
on the strip;

¢ the efficiency of the detector is defined as the ratio between the number of
"muon" events detected by the detector and the total number of "muon" events.

The procedure above defined is repeated for different input rates per strip. Figure
B.2 shows the trend of the strip efficiency (averaged among all the strips) and the
detector efficiency as a function of the effective strip rate. The trends are fitted by

the function 1

1+ ft

to determine the measured "strip" and "detector" dead times. The calculated strip
dead time of 431.9ns is close to the input dead time of 400 ns, while the detector
dead time is much lower, equal to 125.7 ns. This explains how the dead time of the
MEQ detectors measured in GIF++ test beams, is compatible with a dead time of
400ns per strip of the VFAT3 chip.
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Appendix C

High Voltage compensation at
GIF++ test beam

When GEM detectors are working in a high background rate environment, like at the
GIF++, the multitude of electrons moving through the electrodes can generate a non-
negligible amount of current flowing through the protection resistors. Consequently,
it causes a drop of the voltage applied to the foils, and, finally, a decrease of the gain,
as shown in Figure C.1.
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FIGURE C.1: Gain drop of the irradiated prototype comparing the “direct” gain mea-
surement (in black) and the “ohmic” gain measurement (in blue). (from [63])

Therefore, among the operations needed to utilize triple-GEM detectors in GIF++
test beam, the compensation of the HV drop has a primary role, and the procedure
performed will be discussed here. The flowchart in Figure C.2 displays the proce-
dure used for the HV compensation[63] of one of the 7 electrodes of a triple-GEM
detector and it is applied identically to each of them. The gain recovery is performed
iteratively, and the steps are the following;:

e at step 0, the voltage applied to each electrode is VgET = Vnom, Where Vyoum
is the nominal value set via the Multi-Channel HV supply (MC). The cur-
rent monitored through the foil, I9,,,, and the corresponding voltage drop
is computed as AV = I3, X Rpror. The effective voltage applied is: VY =

0 0 )
Vser — Imon % Rerorts



106 Appendix C. High Voltage compensation at GIF++ test beam

e ateach subsequent i-th step, the voltage applied to the electrode is set to Vi, =
i—1 , pi-1 .
Vser + Imon % Rerors

* the compensation is completed when |V} — Vyom| < Vi, namely the effec-
tive voltage (Virr = Vipr — Iyon X Rprot) on each electrode is compatible
with the nominal one within a small tolerance, for example 1V.

Figure C.3A shows the iterative trend of the voltage corrections on each electrode;
the compensation converges almost immediately for all electrodes except for the bot-
tom of the third foil, the one sustaining the largest amount of current, which takes
5 to 6 iterations to converge at the largest fluxes tested. Figure C.3B shows the rate
capability curve overlapping with the recovered gain curve after voltage compen-
sation, together with the nominal gain at which the detector has to be powered to
operate it at an effective gain of 2 x 10* for each value of the background rate.

Due to a mistake, during the current test beam, the compensation algorithm has been
developed considering HV filters of 50 k), while, from measurements after the test
beam, it has been found that their resistance was equal to 320 k(). This implies that,
even when the compensation is active, the detector is under-compensated; indeed,
referring to Figure 3.2, the voltage drop is computed as:

Rseg

seg

AV = Imonper % ( + Reitter) (C1)

where Rs. is the protection resistance of one GEM foil sector (there are N;.q=40 HV
segments in a MEO GEM foil) and Ry, is the resistance of the corresponding HV
filter.

For the purpose of evaluating the effects, one should compute the expected voltage
drop AV without compensation and evaluate the efficiency measured at the voltage
Vnom — AV (from the HV scan in Figure 4.16). The reconstruction algorithm de-
scribed in Section 4.4 works successfully for attenuation factors above 4.6, hence the
voltage drop should be evaluated for ABS = 4.6, where it reaches its highest value.
As the value of the monitored current measured (as shown later in Figure 4.24) for
the third GEM foil bottom electrode (Rs¢ = 100kQ)) is around 10-20 A (depend-
ing on the single chamber irradiation), the voltage drop AV, after compensation, is
approximately:

true algorithmy
IMONDET X (Rfilter_Rfilter ) =2—-6V.

For these values of the voltage drop the effective HV point Vo — AV is still larger
than 680pA. Consequently, since the efficiency of the detector, as evident from
the HV scan, is at the plateau from 680 pA (see Section 4.6.1), the partial "under-
compensation” of the high voltage does not affect significantly the results of the rate
capability analysis.
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FIGURE C.2: Flowchart of the HV compensation algorithm.
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