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Introduction

Since the end of 2018, the CERN Large Hadron Collider (LHC) accelera-
tor started an upgrade campaign with the objective of increasing the proton-
proton collisions center of mass energy to /s = 14 TeV and running at instan-
taneous luminosity around 5—7-103% cm=2s~!, with the final goal of delivering a
3000 fb ! integrated luminosity. In this context the LHC experiments started
as well an upgrade campaign, to cope with the future experimental conditions,
in terms of background radiation and events pileup.

The CMS experiment, in particular, started, among others, an upgrade of
the muon system, programming the installation of three new stations based
on the GEM (Gas Electron Multiplier) technology, called GE1/1, GE2/1 and
MEO. These new stations will increase the redundancy of the muon system,
help to keep under control the trigger rate and improve the muon p; measure-
ment. In addition, the MEO station is supposed to increase also the coverage of
the muon system up to |n| < 2.8. These detectors are characterised by a high
radiation hardness, to ensure they survive in the high radiation environment
foreseen during the High Luminosity LHC phase.

This thesis work took place in the context of the production, installation
and commissioning of the GE1/1 system. In the first and second chapters,
the GEM upgrade is introduced, focusing in particular on the GE1/1 station.
In the third chapter, the discussion moves then to the description of the
production and validation protocols of the chambers, illustrating all the steps
and quality controls that a detector has to overcome to be installed in the
CMS experiment.

In the second part of this chapter, all the activities performed during the
detectors commissioning are illustrated, focusing on the tools I developed for
the monitoring of the GE1/1 power systems and on the role of HV trips in the
detectors’ operation, in particular during the CMS magnet commissioning and
the early LHC collisions performed at the end of LS2 (end of October 2021).

Finally, in the fourth chapter, a trigger study for Phase 2 dedicated to the
7 — 3u decay channel is presented: this decay is a case study since it is a
Lepton Flavour Violating decay with a very suppressed branching ratio in the
standard model. A higher branching ratio is foreseen by some Beyond Stan-
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dard Model models, opening the possibility to observe a statistically signifi-
cant signature. This possibility led to the development of trigger algorithms
dedicated to this channel.

In this chapter I will show how the study exploits the upgrades pro-
grammed for CMS in Phase 2, looking in particular at the possibilities in-
troduced by the new muon GEM stations.

Since this channel involves many muons in the final state, with low p; and
mainly reconstructed in the experiment endcap region, where the background
plays an important role in the signal selection, decays with similar features
could benefit from the study performed on this particular channel as well.
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Chapter

The LHC accelerator and the
CMS experiment

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the biggest and most powerful particle
accelerator in the world. Its construction was approved in 1994 by the Eu-
ropean Organization for Nuclear Research and took around 10 years of work,
from 1998 to 2008, when the first beams of protons have been delivered in the
accelerator. The LHC is located in an underground circular tunnel, 26.7 km
long and from 45m to 170m below the surface. The tunnel was built be-
tween 1984 and 1989 to host up to the year 2000 the Large Electron Positron
(LEP) collider, a machine used to make precision Standard Model measure-
ments, colliding electron and positron bunches up to a center of mass energy
of 209 GeV. The LHC accelerates and collides bunches of protons, up to a cen-
ter of mass energy of 13 TeV. The choice of protons is of primary importance
for the discovery of new physics processes, for two main reasons:

o the higher mass of the protons with respect to electrons allows to increase
the energy of bunches, since the emission of synchrotron radiation scales
as m~4, where m is the mass of the accelerated particle;

 the hadronic nature of protons allows to explore a wider range of energies
since in hard collisions interaction of quarks and gluons occurs, that
carry only a fraction of the proton momentum.

This increase in the center of mass energy collision is significant for the
discovery of high mass particles which were not accessible in the energy range
of previous accelerators, or to increase the production cross section of particles,
like the Higgs boson, whose production cross section increases with the energy.

The LHC is the last and most powerful of a large complex of accelerators,
used to increase the energy of proton bunches in several steps. Until 2020, the

bt
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Figure 1.1: Production cross section of several processes in proton-
(anti)proton collisions as a function of center of mass collision energy [1].

first step consisted in producing a bunch of protons ionising a volume of hy-
drogen, which was then introduced in the linear accelerator Linac2, bringing
the energy of protons up to 50 MeV and injecting this in the Proton Syn-
chrotron Booster (PSB). In 2020, Linac2 has been replaced by Linac4, which
accelerates a bunch of negative hydrogen ions H~ up to 160 MeV; immediately
before the injection in PSB the electrons are stripped from the hydrogen ions,
leaving only protons.

In PSB protons are accelerated up to an energy of 2 GeV and then PSB
feeds the Proton Synchrotron (PS), a 628.3m accelerator which brings the
energy of protons up to 28 GeV. The PS splits the PSB bunches in smaller
ones, hosting up to 72 bunches in one cycle, and spaces them of 25 ns, the same



1.1. The Large Hadron Collider

spacing of the LHC. The accelerator fed by PS is the 6.9 km long Super Proton
Synchrotron (SPS), which accelerates the proton bunches up to 450 GeV. In
2016, looking to the increase in luminosity of the accelerators in the following
decade, a new beam production scheme called Batch Compression Merging
and Splitting (BCMS) was introduced, fixing to 144 the maximum number of
bunches hosted by SPS per cycle. After a bunch has been fully accelerated
by SPS, it is introduced in the LHC which accelerates it to 6.5 TeV, the max-
imum available energy up to now for the beams. In particular, during the
filling of the LHC, the bunches are divided among the two rings of the LHC,
which circulate the beams in opposite directions and host a maximum of 2556
bunches per ring. In this way when the two bunches collide the energy in the
center of mass will be 13 TeV.

Furthermore, the LHC can be used also as a heavy ion accelerator, when
instead of protons it is filled with lead ion 2°® Pb%2* bunches. These ions are
initially accelerated by the linear accelerator Linac3 up to 4.2 MeV, then accu-
mulated in the Low-Energy Ion Ring accelerator and their energy is increased
to 72MeV. After this they are delivered to PS, SPS and finally to the LHC,
reaching the final energy of 2.76 TeV per nucleon. In this case, the energy
available in the center of mass for a lead-lead ions collision is 1.15 PeV.

The LHC manages to keep so energetic beams on the right curvature
thanks to 1632 superconducting magnets placed all over its 27 km ring, capa-
ble of creating a 8.37T" magnetic field. To achieve this result the magnets are
cooled down with liquid helium to 1.9 K, a temperature at which helium is a
super-fluid, maximizing its cooling power. The particular design of the LHC
magnets has made possible to host both the LHC pipes inside the same cryo-
stat, providing opposite sign magnetic fields for the protons/ions circulating
in opposite directions in the two pipes, reducing by a significant amount the
cost of doing the same job with two separated magnets.

1.1.1 Luminosity

In addition to the center of mass energy /s, another important parameter to
describe the collider properties is its instantaneous luminosity £, basically the
number of collisions happening per unit of time and per unit of cross-sectional
area of the intersecting beams. £ depends on:

o the number of particles contained in the two beams, respectively n; and
N2;

 the collision frequency f..u;

o the rms of transversal widths of bunches with respect to the direction
of collision o} and oy;

« a geometric factor F (F < 1) which considers, for example, the finite
bunch length and the intersection angle of bunches.

7
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—_— 1.1
dmoyoy (11)
Knowing the collider luminosity and the interaction cross section of colliding

particles g;,;, the number of interaction N in a time interval can be calculated
N = ot / Ldt = 0ini LINTEGRATED, (1.2)

where [Ldt = Linreararep is called integrated luminosity and is usually
measured in fb~!. Up to now, the LHC has experienced different data-taking
periods, increasing gradually its luminosity up to 2 - 103 cm=2s7!, two times
the original design luminosity of the LHC, reaching an integrated luminosity
of 189.3fb™".

1.1.2 The LHC experiments

Along the LHC circumference, four points for the collision of beams have been
designed, called Interaction Points (IP) and in these positions caverns to host
experimental sites have been dug. The experiments hosted in these caverns
are ATLAS (A Toroidal LHC ApparatuS) [2], placed at IP1, CMS (Compact
Muon Solenoid) [3] at IP5, ALICE (A Large Ion Collision Experiment) [4] at
IP2 and LHCb (Large Hadron Collider beauty experiment) [5] at IP8. When
the construction of the LHC was approved, it was decided to build two exper-
iments with the purpose of investigating in detail the Standard Model physics
and searching for physics Beyond the Standard Model (BSM): ATLAS and
CMS. Having two experiments concentrated on the same search and studying
mainly events of the same type (proton-proton collisions at the same center-
of-mass energy) is fundamental in order to have a measurement confirmation
by two independent collaborations, for example, to confirm the discovery of
the Higgs boson. The ALICE experiment is concentrated on the research on
quark-gluon plasma, studying the collisions of lead-ions. Finally, the LHCb
experiment is focused on bottom-quark physics, to investigate phenomena in-
volving CP violation and to shed light on the matter-antimatter asymmetry
in the universe.

1.2 Particle physics at the LHC

The LHC is designed to investigate unexplored fields of particle physics,
thanks to its high energy, which unlocks high mass particle production, and
luminosity, which increases the statistics available to study rare processes pre-
dicted by the Standard Model or to understand with higher precision already
observed phenomena.
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Figure 1.2: Schematic representation of the LHC with the position of the main
experiments [6].

(B physics)

1.2.1 The Higgs boson

The most important and famous result obtained during the LHC years of
operation is the discovery in 2012 by the ATLAS and CMS collaborations [7]
[8] of a particle with a mass of ~ 125GeV, which has been identified as the
Higgs boson. This discovery has started a campaign of studies to understand
if the properties of this “new” particle were in agreement with those predicted
by the Standard Model for the Higgs boson.

The Higgs boson plays a particular game in the Standard Model: it allows
the presence of massive particles in the Standard Model. In the Standard
Model indeed the presence of massive particles breaks the symmetry SU(3) x
SU(2) x U(1) on which the model is built. The introduction of a neutral
scalar boson with spin 0, allows maintaining the gauge symmetry through a
mechanism called Brout-Englert-Higgs (BHE).

As shown in Fig. at the LHC the Higgs boson production is pretty
rare with respect to the production for example of beauty quarks, with a
cross section several orders of magnitude smaller. Its production can happen
through different channels and 4 main ones are illustrated for the LHC at
Vs =14 TeV in the following list:

o the gluon-gluon fusion (Figure ) which is the dominant process at

9
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(c)

Figure 1.3: Leading order Feynman diagrams for Higgs boson production: (a)
gluon-gluon fusion, (b) vector boson fusion, (c¢) Higgs-strahlung, (d) associated
with a pair top of quarks [14].

the LHC (87% of the total production at /s = 14 TeV for a 125 GeV
Higgs boson);

« the vector boson fusion (Figure [L.3p) is the second most important for
the production, and it consists in the emission of quarks, which will
hadronise in jets, and one Higgs boson;

o the so-called Higgs-strahlung (Figure ), a process where a virtual
vector boson decays in a real W= or Z boson emitting a Higgs boson;

« the production associated with a pair of top quarks (Figure ), which
offers the possibility of studying the coupling of the Higgs boson to the
top quark.

The Higgs boson was observed for the first time by the ATLAS and CMS
experiments in 2012, analyzing the channels vy, ZZ, WtW =, 7477, bb and
w . The highest contribution came from the channels vy and ZZ — 4.
In the following years, analysing data from various run periods, at different
center of mass energies, integrated luminosities and investigating different

10
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Figure 1.4: Production cross section of SUSY particles according to the Min-
imal Supersymmetric Standard Model, as a function of their mass [16].

channels, the measurements of the Higgs boson mass improved and the CMS
experiment measured a mass of the Higgs boson of 125.35 GeV with a precision
of 0.15GeV [7], while the ATLAS experiment of 124.97 GeV with a precision
of 0.24 GeV [§].

1.3 The CMS experiment

The CMS experiment is one of the four main experiments installed on the LHC
ring, in particular, hosted in an underground cavern dug at the Interaction
Point 5 (IP5) of the LHC. The main reasons that pushed the scientists to
place the experiments in underground caverns are the practical limitations
of installing a such large accelerator on surface in an inhabited area, and,
furthermore, to contain in the cavern the radiations produced by the particle
interactions, and to limit the flux of cosmic radiations on the detector, to have
a lower source of noise on detectors. CMS has been designed with multiple
goals, among which there are the discovery of the Higgs boson and the study of
its properties, a deeper study of already known Standard Model processes and
the study of physics Beyond the Standard Model (BSM) at the TeV energy
scale. The high luminosity provided by the LHC is of primary importance for
the study of rare processes, such as the production of supersymmetric particles
(SUSY), which are supposed to have a production cross section of the order

of o ~ pb (Fig. [L.4).

11



1. The LHC accelerator and the CMS experiment

1.3.1 General design

The CMS detector is designed to provide a 47 coverage for the detection of
particles and consists of a cylindrical barrel closed by two endcap disks on the
bases of the cylinder. The detector is ~ 21 m long, 15m high (diameter of
the cylinder) and with a weight of ~ 14000 tons. A schematic representation
can be found in Figure|l.5, where the main components and sub-detectors are
represented.

Moving from the innermost to the outer part of the detector, the closest
system to the interaction point (IP), where collisions take place, is the tracking
detector, followed by the electromagnetic and hadronic calorimeters (ECAL
and HCAL respectively). These detectors are enclosed in the bore of the
superconducting magnet, followed in turn by the steel yoke and the Muon
Spectrometer, which covers the outermost part of the detector and so the
most extended surface.
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Figure 1.5: Cutaway representation of the CMS experiment, showing its main
components and sub-detectors [18].

The coordinate system used in CMS consists of a x-axis pointing toward
the center of the LHC ring, a y-axis pointing toward the surface and a z-
axis parallel to the beam pipe and directed towards the Jura mountains; its
origin position is placed in the IP. Another useful system is the spherical
coordinates system, which uses the transverse distance from IP R = /22 + y?,
the azimuthal angle ¢ and the polar angle 6. The emission of particles is very
dis-homogeneous with a lot more particles produced in the region covered by
the endcaps and a lower number in the barrel, so to have a more uniform
picture of particle directions, instead of 0, it is a practice to use the so-called
pseudorapidity n, defined as

n=—In (tan g) . (1.3)

12
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A visual representation of these coordinate systems is shown in Fig. [1.6]

0= 90

Figure 1.6: Scheme of the CMS coordinate system [19].

1.3.2 The superconducting magnet

In a particle physics experiment, the magnet is of primary importance since the
magnetic field allows to determine the momentum and charge of the particles
from the bending of their trajectory.

One peculiar feature of CMS is its compact design, made possible by the
use of a superconducting solenoid, which provides a 3.8 T magnetic field par-
allel to the beampipe in the barrel region. In a solenoid indeed the bending of
a track starts from R = 0, while in a toroid the magnetic field is present only
inside the torus, so the bending of the trajectory starts only from the inner
surface of the torus, requiring bigger dimensions for the apparatus [23].

The majority of CMS weight is given by the superconducting magnet,
~ 300 tons, and the steel yoke, ~ 12000 tons, used to contain the high
magnetic field (3.8 T') produced by the superconducting magnet. The magnet
is 12.5m long and has an inner diameter of 5.9 m; the magnetic field is created
using an impressive intense current of 19.14 kA, which can be sustained by
cooling down the magnet to 4.5 K with a liquid helium cryogenic system,
cooled itself with a liquid nitrogen cryogenic system.

A representation of the generated magnetic field is given in Figure [I.7b,

13
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showing the uniformity of the magnetic field inside the solenoid and the dis-
tribution of the magnetic field “trapped” inside the steel return yoke.

Figure 1.7: (a) The superconducting magnet (grey) inserted inside the iron
yoke (red) before the installation of any detector in the spaces available inside
the iron yoke [24]; (b) the magnetic field created by the superconducting
magnet in a longitudinal view of the CMS detector, with the field intensity
on the left and the field lines on the right of the figure [25].

1.3.3 Inner Tracker

The CMS inner tracker is the sub-detector closest to the beampipe, bathed in
a 3.8T magnetic field, and it is designed to reconstruct charged particles in
the region |n| < 2.5 with high efficiency and momentum resolution. In addi-
tion, its fast response enables this system to assign the reconstructed particles
to the correct bunch crossing, fundamental for a correct collection of data. A
fundamental task performed by the tracker is the reconstruction and distinc-
tion of both vertices produced by multiple interactions in the same bunch
crossing, and displaced vertices generated by the weak decay of particles.

The tracker installed now in CMS has been designed to operate at the LHC
design luminosity of 103 cm~2s~!, which produces a flux of ~ 1000 particles,
with an average number of 20 pileup interactions per proton-proton collision
event.

A cutaway representation of the inner tracker is reported in Figure
The overall shape is a cylinder 5.4 m long and with a diameter of 2.4 m, while
in detail the system can be divided into two main parts: the inner part, made
of pixel detectors, and the outer part, composed of microstrip detectors.

The pixel detector (Figure is composed of three layers in the central
part, installed at radii between 4.4cm to 10.2cm from the beampipe, and
of two disks on each side of the cylinder, installed at z = +34.5cm and

14
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z = +46.5cm. These layers are segmented in 66 million rectangular pixels,
providing to the pixel tracker a global spatial resolution of 15 — 20 um and
coverage in the range |n| < 2.5.

On the other hand, the outer part of the inner tracker consists of silicon
microstrip sensors, distributed in barrel layers and endcap disks, creating a
structure similar to that of the pixel tracker. In particular, respectively 4 and
6 silicon microstrip layers compose the Tracker Inner Barrel (TIB) and the
Tracker Outer Barrel (TOB), while 3 and 9 disks compose the Tracker Inner
Disks (TID) and the Tracker Endcaps (TEC), as can be observed in detail in

Figure [1.§

Outer Barrel
Inner Barrel (TOB)

(TIB) EndCap

e =

Inner Disks
(TID)

24m

Pixel

Figure 1.8: Cutaway representation of the CMS inner tracker, showing its
main components [26].

Endcap d isks

Figure 1.9: Cutaway representation of the pixel system of the CMS inner
tracker, showing its endcap disks and barrel layers [26].
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1.3.4 Calorimeters

CMS relies on two calorimeters for the measurement of particles energies, the
electromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL).
The first provides an energy measurement of charged particles and photons,
while the latter measures the energy of hadrons, providing a measurement of
the overall energy of the jets generated by hadronization processes.

ECAL

ECAL is the innermost of the two calorimeters. Its design has been decided
looking to the challenge of observing the Higgs boson in its decay channels
H — vy, H = ZZ% and H — WW, by detecting photons, electrons and
positrons produced by the decay of the vector bosons. ECAL is in this way
fundamental for the reconstruction of the Standard Model and new physics
processes involving a leptonic decay: for example a decay involving gluinos and
squarks, where the leptonic decay of these particles allows the measurement
of their mass.

This calorimeter provides coverage in the pseudorapidity range |n| < 3.0. It
is a homogeneous calorimeter and its basic building blocks are lead tungstate
crystals (PbWOy). This material has a radiation lenght Xy, = 8.9 mm and a
Moliere radius of 21.9mm. The ECAL crystals are trapezoidal with a front
square side, and their size is designed to exploit at best the properties of this
material. The detector is composed, similarly to all the detectors in CMS,
of a barrel and an endcap calorimeter (Fig. [L.10)). The barrel calorimeter
is composed of crystals with length of 230 mm (25.8 Xj), while the endcap
crystals are 220 mm long (24.7 X;). On the other hand, the size of the square
side is adapted to the Moliere radius, with 20 x 20 mm? barrel crystals and
30 x 30mm? endcap crystals.

An additional system of ECAL is a preshower detector, installed in front
of the crystals, providing coverage in the range 1.65 < |n| < 2.61. Its main
purpose is to provide a separation between photons and neutral pions. This
detector is composed of layers of lead, 3X thick, and two layers of a silicon
strip detector and layers of moderator, to moderate the flux of neutrons, as
can be seen in Figure [1.11}]

HCAL

The main purpose of the CMS hadron calorimeter is the measurement of the
energy of jets produced by processes involving the hadronization of quarks
and gluons, but also to suggest the presence of particles that do not interact
into the detector measuring the missing transverse energy, such as neutrinos
or supersymmetric particles.

HCAL is a sampling calorimeter divided into 4 systems: Hadron Barrel
(HB), which covers the region || < 1.39, Hadron Endcap (HE), covering
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Figure 1.10: ECAL structure, with its barrel, endcap and preshower systems

[27].

1.30 < |n| < 3.00, Hadron Outer (HO), covering |n| < 1.26 and Hadron
Forward (HF), positioned at a longitudinal distance of 11.15m from the origin
of the CMS coordinate system. In particular, HB and HE are placed inside
the superconducting magnet, while HO is placed immediately outside. Due
to the limited space available inside the solenoid magnet, the depth of HB
provides only 5.82 interaction lengths (A7) in its central region and 10.6 A; at
In| = 1.3. To compensate for this limited depth at low 7, it has been decided
to introduce an additional layer outside the solenoid, called HO, increasing
the depth to a minimum of 11.8 A; in the central region.

The active part of the detector consists of plastic scintillator tiles, read
out by wavelength-shifting plastic fibers; since the central systems of HCAL
are placed inside the CMS superconducting magnet or immediately outside,
the materials composing the detector experience the 3.8 T magnetic field and
therefore the absorber material of the calorimeter must be a non-magnetic one.
Accordingly, the absorber material is brass for the internal HCAL layers and
stainless steel for the front and back HCAL sides. Stainless steel is used both
for its non-magnetic properties, but also to increase the mechanical strength
of the detector.

The detailed structure of HCAL is shown in Figure [1.12

1.3.5 Muon system

A powerful method for the identification of signatures of interesting processes
over the high background rate of events expected at the LHC, and even more
in the High Luminosity phase of the LHC, is muon detection. The most
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Figure 1.12: Scheme of CMS Hadron Calorimeter, with its main systems: the
Hadron Barrel calorimeter (HB), Hadron Outer (HO), Hadron Endcap (HE)
and Hadron Forward (HF) [29].

obvious example of channels with muons in their final state is the decay of
the Higgs boson in ZZ or ZZ*, decaying in turn into 4 leptons.

For this channel, the maximum mass resolution is achieved if all the leptons
are muons, because the radiative loss of muons in the tracker material is lower
than that experienced by electrons. The role played by the muon spectrometer
is fundamental to provide a good pr resolution to the reconstructed standalone
muons, that goes as ~ 1/L?, where L is the length of the reconstructed track.
This information is useful in particular for the CMS L1 trigger and High
Level Trigger systems to select the most interesting bunch crossing events.
In addition the muon system starts to play an important role also in offline
pr measurement for very high pr muons (~ 1TeV). This particular example
and others predicted by SUSY models show the discovery potential of muon
final states and the necessity to equip CMS with a powerful muon detection
system, with wide angular coverage.
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Its main purposes are muon identification, momentum measurement and
triggering. The good muon momentum resolution and trigger capability are
provided by the solenoidal magnet and its flux-return yoke. The muon de-
tection is moreover improved by the absorption of hadrons performed by the
return yoke.

The muon system is composed of a barrel and two endcap sections and
consists of a total detection surface of 25000 m?2. To cover a so wide area muon
detectors must be inexpensive, reliable and robust. Its design is addressed to
the momentum and charge measurement over the entire kinematic range of
the LHC and up to Run 2 consisted of three different kinds of gaseous detec-
tors: Drift Tubes (DT), Resistive Plate Chambers (RPC) and Cathode Strip
Chambers (CSC). In 2019 the installation of the first station of Gas Electron
Multiplier (GEM) detectors has started, which will increase the redundancy
in the muon reconstruction and will help to keep under control the trigger
rate in the High Luminosity phase of the LHC.
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Figure 1.13: View of a quadrant of the CMS Muon Spectrometer in the plane
R-z at the end of Run-2 [32].

As shown in Figure [I.13] the detectors used in the barrel region are Drift
Tube chambers, that will operate in a region with a small neutron-induced
background, with a muon rate smaller than that expected in the endcaps and
with a uniform magnetic field mostly contained in the steel yoke. DT chambers
cover the pseudorapidity range |n| < 1.2 and are organised in 4 different
concentric stations MB1, MB2, MB3 and MB4. In the endcaps, where the
muon rate and the background level are higher and the magnetic field is lower
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and non-uniform, a different technology must be used. In these conditions
high temporal and spatial resolution and high radiation hardness are required:
these requirements are met by Cathode Strip Chambers. CSCs are organised
in 4 stations, ME1, ME2, ME3 and ME4, positioned at increasing z values and
cover the angular range 0.9 < |n| < 2.4 and with the detector planes oriented
in the direction perpendicular to the beampipe. Finally, both the 2 endcaps
and the barrel are instrumented with Resistive Plate Chambers, covering the
angular range |n| < 1.9 and organised in stations RB1, RB2, RB3 and RB4
in the barrel and RE1, RE2, RE3 and RE4 in the endcaps. Because of their
fast response time, RPCs are used to assign unambiguously the reconstructed
muons to the correct bunch crossing.

Drift Tubes (DT)

The barrel region is characterised by a pretty uniform magnetic field, mostly
contained in the flux-return yoke, by a small neutron-induced background
and by a small muon rate, which traduces in weaker requirements in terms
of occupancy and radiation hardness for the detectors that will operate in
this region. Drift Tubes chambers meet these requirements and are organised
in 5 longitudinal wheels (Wheels 0, £1, +2), each divided into 4 concentric
stations (from MB1 to MB4), as shown in Figure [[.14 A total of 250 DT
chambers are installed in the CMS muon spectrometer.

As shown in Figure [I.15h, a DT chamber is composed of 3 (or 2 for MB4
chambers) super-layers (SL), each of them made of 4 layers of rectangular
drift cells. The drift cells of one layer are staggered with respect to the cells
of the layer nearby, to maximize the angular coverage offered by the detector
and to solve the left-right ambiguity in the muon trajectory reconstruction.
From a single-hit in a drift tube is indeed impossible to know which side of
the wire, placed at the center of the tube, was crossed by the particle. In
addition, this design allows to measure the track crossing time, applying a
“mean-timer” algorithm, which requires at least 3 hits per super-layer.

The drift cell (42mm x 13mm) is the basic component of each chamber
and its layout is illustrated in Figure [I.I5b. The cell is rectangular and its
frame consists of two parallel aluminium planes and two “I”-shaped aluminium
beams. The aluminium frame is at ground potential. Inside each cell are
installed:

e two cathode strips installed on the I-beams and set to —1200V,

o two electrode strips applied to the aluminium parallel plates and set to
+1800V,

e a 50 pum wide and from 2m to 4m long stainless steel anode wire (re-
spectively for smallest and largest chambers), placed at the center of the
cell, set to +3600 V.
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Z+ Center of LHC

Figure 1.14: View in x-y plane of the layout of CMS DT chambers in one of
the wheels. The trajectory followed by a muon is also represented, bending in
two different directions due to the different verse of the magnetic field inside
the superconducting magnet and inside the return yoke [33].

In particular, Figure shows that in the external SLs the wires are ori-
ented parallel to the beampipe, and in the central SL the wires are perpendic-
ular to the beampipe direction. In this way, the external layers are appointed
to measure the R — ¢ coordinates of ionisations left by a particle passing
through the chamber, while the central layer measures the » — z coordinates.
The central layer is missing in the outermost DT station (MB4).

As all the detectors installed in the muon spectrometer, DTs are gaseous
detectors and, in particular, use a gas mixture Ar/COy (85/15). When a
charged particle passes through the detector volume, an ionisation is produced
inside the gaseous medium and the ions and electrons drift respectively to-
wards the cathode and the anode of the drift cell. The muon crossing distance
from the single wire is determined by a dedicated algorithm which derives it
from the signal time of arrival, respect to the bunch crossing time, and from
the electrons drift velocity in the gas mixture.

The achieved spatial resolution is ~ 170 um , while the time resolution
is of few nanoseconds offline and of 25 ns at the L1 trigger level, much lower
than the maximum drift time (~ 400ns) [32].
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Figure 1.15: Layout of a Drift Tubes chamber in the R — ¢ plane: in the top
and bottom part are represented the 2 SLs with wires parallel to the z-axis
and in the middle is represented the central layer with wires orthogonal to the
beampipe (a). The layout of a drift cell, with the electric field lines [32].

Cathode Strip Chambers (CSC)

The endcap region is characterised by a non-uniform magnetic field and high
hit rate, that requires good radiation hardness and low occupancy for the
detector technology that has to operate in that region. CSCs are gaseous
detectors, with cathode strips running radially, to measure the ¢ coordinate,
and anode wires arranged perpendicularly to the strips, to measure the 7
coordinate.

A total of 540 chambers are installed, covering the range 0.9 < || < 2.4,
and are organised in 4 stations (ME1, ME2, ME3, ME4) at different z positions
as shown in Fig. [[.13] The chamber planes are perpendicular to the beampipe
and stations are organised in 2 or 3 concentric rings. The station closest to the
interaction point is ME1, which is organised in 3 rings: ME1/1, ME1/2 and
ME1/3. ME1/1 is closer than ME1/2 and ME1/3 to the interaction point.
The other three disks (ME2, ME3 and ME4) have only 2 rings. The single
rings are organised in 18 or 36 chambers, covering respectively 20° or 10° in
the R — ¢ plane, and, in each ring, the chambers are arranged to have a small
overlap to maximize the hermeticity in ¢. Fig. shows the station ME2,
with the inner ring ME2/1 composed of 18 chambers, and the outer ME2/2
ring with 36 chambers.

The CSCs are multiwire proportional gaseous detectors. They are com-
posed of 6 anode wire planes enclosed inside 7 stacked trapezoidal cathode
panels, forming 6 gaps for muon detection. On one cathode panel for each
gaseous gap strips have been milled, with a radial arrangement and at a con-
stant A¢ pitch, varying from 8.4 mm for the chambers installed in the rings
closer to the beampipe, to 16 mm for the chambers placed in the outer rings.
On the other hand, the anodic wires are arranged in the azimuthal direc-
tion, orthogonal to the strips and their mutual distance varies in the range
2.5 — 3.16 mm. During the detector operation, the anode wires are set to a
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cathode plane with strips

_____
T

7 trapezoidal panels forming 6 gas gaps

(b)

Figure 1.16: (Left) view of ME2 CSC station: the inner ring is organised in
18 chambers, each covering 10° in R — ¢ plane, and the outer ring includes in-
stead 36 ME2/2 10° chambers [33]; (Right) schematic view of a CSC chamber,
showing the radial arrangement of cathode strips and the azimuthal organi-
sation of anode wires [32].

potential between 2.9kV and 3.6kV and the detector gaps are filled with a
gaseous mixture Ar/COy/CFy (40/50/10). When a particle crosses the detec-
tor, the ionisation produced inside the gaseous medium starts an avalanche of
ions and electrons, which induce a signal on several nearby strips. Averaging
the signal induced on the wires and strips of each layer, a spatial resolution
of around 50 pm is achieved [32].

Resistive Plate Chambers (RPC)

Resistive Plate Chambers (RPCs) are an additional technology used in CMS
for the detection of muons and used in particular for their fast time response,
similar to that of a scintillator, providing good spatial and temporal resolution
for particle tracking. They are installed both in CMS barrel and endcap
regions, reaching a coverage up to |n| < 1.9, as shown in Figure m

In the barrel region, RPCs are installed in the 5 barrel wheels together
with DT chambers, organised in concentric structures called “rolls”. For each
of the 2 outer DT rolls, one layer of RPC chambers is installed on the inner
side of each DT chamber, while for the 2 inner DT rolls an additional RPC
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layer is installed on the outer side.

In the endcap regions, RPCs are installed adjacent to CSC stations, or-
ganised in concentric structures called “rings”. As shown in Figure [[.13] there
is an RPC station adjacent to each CSC station, except for stations ME1/1,
ME2/1, ME3/1 and ME4/1, the closest ones to the beampipe.

Honey
comb
u / panel

Mylar

L. / - coating

Figure 1.17: Schematic representation of a CMS double-gap RPC chamber

[32].

The structure of each RPC chamber installed in CMS is illustrated in
Fig. . It is composed of two gaps containing the gas mixture CoHoFy /i —
CyHyo/SFs (95.2%/4.5%/0.3%), where a crossing muon will produce an ion-
isation, allowing its detection. Each of the gaps is delimited by two layers
of HPL (High Pressure Laminate), externally coated with graphite, which
will act as the electrode where the voltage needed to operate the detector
is applied. In the central part of the detector, a plane of read-out strips is
positioned, placed between two graphite electrodes and two mylar insulating
planes. In particular, the pitch of the strips increases with the distance of the
detector from the beampipe, from 1.5 cm for the innermost detectors to 4 cm
for the outermost ones. The spatial resolution is so dictated by the strip pitch
of the station considered, while the intrinsic time resolution offered by RPCs
is of few nanoseconds.

The two central electrodes are set to —9.6kV, to operate the detector
in avalanche mode. Usually, RPC detectors are operated in streamer mode,
but the high charge produced in this process allows to sustain only a rate of
~ 100 Hz/cm?, too low for operating in the LHC conditions. For this reason,
the detectors are operated in avalanche mode, increasing of about one order of
magnitude their rate capability, but producing also a smaller collected charge
per each crossing muon, which requires improved amplification electronics on
the detector front-end. To increase the charge induced on the read-out strips,
the double-gap design was adopted, collecting on the strips the charge induced
from both gaps.
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1.3.6 Trigger system

Depending on the LHC operative configuration a variable number of collision
events happen in CMS. In the LHC design configuration, a bunch collision
takes place every 25ns and with a luminosity of 103 cm™2s7!, producing a
mean number of 17 collisions per bunch crossing. Since the size of a proton-
proton collision event in CMS is of the order of 1 MB and the event production
rate is 40 MHz, it is technically impossible up to now to save every event pro-
duced in CMS, since it would mean to save ~ 40 TB/s. The most reasonable
way to proceed is to select only the events that are judged potentially in-
teresting for the ongoing physics search. The trigger system operates this
selection. In Run 2 in particular it reduced the rate of selected events from
40 MHz to about 1kHz. It operates in two steps: the Level-1 step and the
High Level Trigger step, shortly called .1 and HLT respectively. A schematic
representation of the CMS trigger system is shown in Fig. [1.18|

Detectors

Digitizers

Front end pipelines

us :

Readout buffers

m Switching networks

Processor farms

Figure 1.18: Schematic representation of the CMS trigger system [37].

The Level-1 system operates the first event selection in CMS after the
front-end electronics and reduces the event data rate from 40 MHz to 100 kHz.
The system up to now receives data from the muon system and from the
calorimeters and is based on custom designed electronics, such as Application
Specific Integrated Circuits (ASICs), and largely programmable electronics,
such as Field Programmable Gate Arrays (FPGAs). It was chosen to use
these technologies for their flexibility and for the decision speed required at
this level.
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The High Level Trigger system receives the events accepted by the L1
trigger and is designed to perform a rate reduction from 100kHz to 1kHz.
The system consists of a computing farm with about 26000 cores of high-
performance commercial processors.

1.3.6.1 Level-1 Trigger

The Level-1 Trigger system operates at the level immediately after the de-
tectors front-end electronics and decides if an event has to be accepted or
ignored, depending on the data coming from the detectors. This decision
must be taken in a time window shorter than 4 us, because this is the time in
which detector data stay stored in the buffer electronics. After this time the
buffer is overwritten and those data can no longer be retrieved.
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DeMux

Clobal Trigger

Figure 1.19: Schematic representation of CMS L1 Trigger system during Run-
2 [38].

The Level-1 Trigger itself is composed of many levels (Fig. |1.19)) and in-
volves the muon system sub-detectors (DT, CSC, RPC) and the calorimeters
(ECAL, HCAL, HF).

Calorimeter trigger. The first layer in the calorimeter trigger involves the
collection of Trigger Primitives coming from HCAL and ECAL, which consist
of energy deposits of a group of read-out channels. This group of channels,
called trigger tower, has dimensions An x A¢ = 0.087 x 0.087 in the barrel
region and 0.17 x 0.17 in the endcaps. Once collected, the energy deposits are
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calibrated, sorted and finally delivered to the second layer of the Calorimeter
Trigger.

The second layer performs the task of providing candidates for electrons,
photons, 7 leptons, jets, energy sums and information relevant for muons (MIP
bits).

Finally, a demultiplexer (DeMux) board sorts, serializes and formats events
for the Global Trigger processing, which will take the decision to accept or
ignore the event.

Muon trigger. The first elements along the processing chain of the muon
trigger system are the Local Triggers of muon sub-detectors: RPC, CSC and
DT. These detectors provide data in different formats: track segments and
hit patterns for DTs, 3-dimensional segments for CSCs, while RPCs provide
information in form of hits. In addition, all these three sub-detectors provide
an identification of the bunch crossing which generated the track candidates.

Objects produced by DTs and CSCs are also called Trigger Primitives
(TPs): these objects, together with RPC hits are delivered to the regional
Track Finders, to perform the muon tracking. In CMS three regional Track
Finders are defined:

« Barrel Muon Track Finder (BMTF), covering |n| < 0.8 and using infor-
mation from DTs and barrel RPCs,

e Overlap Muon Track Finder (OMTF), covering 0.8 < |n| < 1.2 and
using information from DTs, CSCs and RPCs installed in this n range,

« Endcap Muon Track Finder (EMTF), covering 1.2 < |n| < 2.4 and using
information from CSCs and endcap RPCs.

The process of combination of RPC hits information with Trigger Primitives
depends on the regional Track Finder considered: regarding the barrel region,
DT Trigger Primitives and RPC hits are correlated before the information is
sent to the BMTF, in the TwinMux; on the other hand, in OMTF and EMTF
the RPC hits are treated alongside TPs inside the Track Finder processors.

In the Track Finders, the information coming from different muon stations
are correlated, following different approaches [3§], to form muon track candi-
dates, whose physical parameters (pr, charge, 1, ¢ and a quality score) are
estimated and assigned to it.

Finally, the tracks are delivered to the Global Muon Trigger which im-
proves the trigger efficiency and reduces the trigger rates, using the comple-
mentarity and redundancy of the three muon sub-detectors. The Global Muon
Trigger receives up to 36 muon candidates for each bunch crossing and selects
the best eight muon candidates, choosing the best on the basis of candidates
parameters (p;, charge, 1, ¢ and a quality score). These 8 muon candidates
are transmitted to the L1 Global Trigger.
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Global Trigger and Trigger Control System. The Global Trigger is
the final step in the L1 Trigger architecture. It receives particle candidates
and calorimeter objects from Global Muon Trigger and Global Calorimeter
Trigger and runs in parallel many algorithms, that determine if the event is
physically interesting. The decision to accept the event is taken together with
the Trigger Control System, which informs the Global Trigger on the readiness
of sub-detectors readout systems and of the Data AcQuisition system (DAQ),
and in case of readiness allows the Global Trigger to deliver the L1 Accept
signal (L1A). Once the event has been accepted, it is acquired and delivered
to the HLT farm for further processing.

1.3.6.2 High Level Trigger

Traditionally, in a particle physics experiment after the L1 trigger there are
two other trigger levels: Level-2, which performs a rate reduction, and Level-3
which uses more complex algorithms to accept or reject an event. In CMS,
these properties are both integrated into the HLT farm, also called Event
Filter Farm.

When an L1 Accept signal is sent by the Level-1 Trigger, the data coming
from all the CMS sub-detectors are collected in Readout Units (RU), forming
fragments of one event (Fig . The Readout Builder Network switches
these fragments to many Builder Units (BU), which merge the fragments to
form a complete event. This product can now be analysed with complex
algorithms by the Filter Units (FU). The algorithms running in parallel on
the different Filter units show if an event must be accepted or not. Once it
has been decided that the event must be accepted, it’s finally delivered to the
storage site Tier-0.

1.4 The CMS and LHC upgrades

1.4.1 Overview

The LHC operation periods are divided into Runs and Long Shutdown periods
(Fig. [1.21). During the writing of this thesis, the LHC is approaching the
end of the Long Shutdown 2, preparing itself and the experiments for Run-
3, which will show an increase in the proton beam energy to 6.8 TeV and
with an instantaneous luminosity up to 2-10%* cm=2s7!, two times the design
luminosity of the LHC. Run-3 will start in 2022 and it will last till 2025,
collecting an integrated luminosity of about 350 b~

At the end of this period, the High-Luminosity LHC (HL-LHC) pro-
gramme, also called Phase 2, will start. This will consist in operating the LHC
to have a center of mass energy in proton-proton collisions of /s = 14 TeV
and in a major upgrade in the instantaneous luminosity, up to 5 — 7 - 103,
with the goal of delivering an integrated luminosity around 3000 fb™".
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Figure 1.20: Scheme of the CMS DAQ system [40].

The higher luminosity will provide higher statistics, allowing to put tighter
limits on phenomena such as the Higgs boson self-coupling, the existence of
supersymmetric particles or to shed light on new physics not yet observed.
Last but not least, the higher statistics will allow improving the precision of
electroweak measurements, top-quark and already observed physics phenom-
ena.

However, there are also drawbacks. The luminosity increase represents a
major technological challenge for the experiments in terms of event complexity
and radiation damage.

In HL-LHC the higher number of protons concentrated in each bunch will
indeed increase the number of p — p interactions per each bunch crossing
(BX), which are called “pileup” interactions (PU). At the beginning of Run-2,
the average number of pileup interactions was ~ 25. In Phase-2 this value
will increase to an average value of 140, producing events with a far higher
number of particles to detect, reconstruct and analyse.

Furthermore, the higher flux of particles produced by the higher number
of interactions per event translates into a higher dose delivered to the detector
components. The dose delivered per year in Phase-2 will be compatible with
that delivered in the whole operation period from 2011 to 2018. This means
that many detectors may suffer radiation damage and need a technological
upgrade.

To sustain these challenging operation conditions, the LHC experiments
have started a wide upgrade campaign, to maintain or improve their perfor-
mance in terms of background rejection, detection efficiency, resolution and
radiation hardness. In particular, the CMS experiment has programmed the
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Figure 1.21: Schedule of the LHC operations [42].

replacement of the inner tracker with a new one with an extended n coverage,
the replacement of the endcap calorimeters with a new design High Granular-
ity Calorimeter (HGCal), the installation of new muon stations and a major
upgrade of the trigger system during the LS-3.

1.4.2 CMS challenges for HL-LHC

As already said, the main factors degrading the CMS performance in HL-LHC
are the higher number of pileup interactions, provided by the higher instan-
taneous luminosity, and the higher radiation doses delivered to the detectors,
consequence of the high integrated luminosity.

1.4.2.1 High pileup

The average number of pileup p — p interactions predicted in CMS for HL-
LHC is 140, for an instantaneous luminosity of 5 - 103 cm™2s7!. The new
focusing and crossing scheme of beams at the interaction point will allow to
potentially deliver a luminosity of 2-10% cm™2s™!, but this would result in an
unsustainable collision pileup, for the detectors and for the trigger systems.
For this reason, the plan is to operate at a lower luminosity (5-10%* cm=2s71),
tuning it through a process called luminosity levelling, that regulates the beam
focus and crossing profile, all along the beam fill process.

The p — p interactions occurring per each bunch crossing can be classified
as soft or hard. The hard collisions are the minority of the interactions and
represent the potentially most interesting ones: these are characterised by an
amount of exchanged energy of the order of 0.1-few TeV and for this reason,
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are interesting for the discovery of new physics. On the other hand, the soft
interactions are the majority and consist of a process with a smaller amount
of energy exchanged.

A high number of interactions per bunch crossing (high PU) means a
high number of particle produced, each of them creating an energy deposit in
the detectors crossed (hits). The increase in the number of hits to correlate
will enhance the complexity that trigger and reconstruction algorithms have
to face: this could result indeed in erroneous assignment of hits to a track,
degrading the measurement of physical parameters of the crossing particle.

Additional complexity is given by contaminations from events produced in
the following or preceding bunch crossings: this process is called out-of-time
pileup. This effect is created by the detectors time resolution: if the time
assignment is higher than the time interval between a bunch crossing and the
following one, 25 ns, the detector data could be collected and assigned to the
wrong bunch crossing. On the other hand, the pileup interactions occurring in
the same bunch crossing of the triggered event are labelled as in-time pileup.

Furthermore, the increase of the beam luminosity could increase the back-
ground contribution given by the interaction of beam particles with the pipe
material (beam halo), the production of secondary particles from the interac-
tion of beam particles with residual gas molecules in the vacuum pipe (beam-
gas interactions) or signals produced by the decay of radionuclides generated
by the activation of detector components (residual radiation).

1.4.2.2 High radiation dose

In CMS different kinds of particles cross the detectors and each of them un-
dergoes interaction which can start a shower of secondary particles. The most
relevant contributions are represented by

o charged particles which interact with the detector and create a shower
of hadrons;

« photons and electrons, which create electromagnetic showers;

» neutrons, which can travel long distances inside the detector, producing
damages also far away from their generation point, in particular low
energy neutrons, which lose energy mainly by elastic scattering. In
addition, interacting neutrons can produce electrons and photons, which
could initiate the production of other secondary particles.

A high flux of particles crossing a detector can alter its operation, since
the radiations, in particular low energy neutrons, can modify the crystalline
structure of the active material or create discharges that could damage the
front-end electronics.

The effect of radiation damage is well shown in the inner tracker detector,
which requires reaching the full depletion condition to ensure the detection
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of crossing particles. The radiation damage modifies the silicon crystalline
structure, increasing noise and requiring a higher bias voltage to reach the
full depletion condition.
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Figure 1.22: Simulation of absorbed dose in CMS after an integrated lumi-
nosity of 3000 fb~! [43].

In Fig. the simulation of the distribution of the dose absorbed by
CMS after an integrated luminosity of 3000fb™" in the plane R-z is repre-
sented, showing as the majority of the dose concentrates in the region near
the beampipe, inside the tracker and in the endcaps high 7 region.

1.4.2.3 Summary of CMS upgrades for HL-LHC

To face the challenging operation conditions foreseen in the HL-LHC era, the
CMS experiment has scheduled a wide upgrade campaign. Almost all the CMS
subsystems will be involved and also new detector stations will be installed to
help the detector to maintain its performance in detection efficiency, resolution
and background rejection. For the sake of brevity, I will mention only a part
of them.

Inner tracker and calorimeters One way to sustain a higher flux of par-
ticles keeping a low occupancy of the detector is the increase of the number
of sensor units in each detector. For this reason, the upgrade of the inner
tracker and of the endcap calorimeter will consist mainly in an increase of
their granularity. For the inner tracker, the granularity will be increased by a
factor of 4, while for the endcap calorimeter a new design calorimeter will be
installed in LS3, called High Granularity Calorimeter (HGCal).
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This detector will consist of an electromagnetic and a hadronic section,
with overall radiation and interaction lengths of 110.9 Xy and 10.7 A respec-
tively [45]. In particular, the electromagnetic and hadronic sections will be
both longitudinally than transversally segmented. Its high granularity, around
6 million readout channels, will enable to provide a 3D energy deposition pro-
file of the showers, together with very fast timing capabilities. This upgrade
will result in an improvement in particle identification, energy resolution and
pileup rejection in the endcap region, characterised by high rates of particles
and high radiation doses.

Its development and installation will be challenging from many points
of view, due to the huge number of readout channels to handle: for front-
end electronics, trigger systems, software and computing, but also from an
engineering point of view, since it requires the routing of thousands of power
and signal cables in a very limited space.

L1 Trigger The LHC increase in luminosity will be reflected in an unac-
ceptable increase in the trigger rate. To profit in statistics from the increased
LHC luminosity, a sufficient rate reduction should be accomplished, avoid-
ing at the same time an excessive loss in efficiency for the studied physics
channels. To accomplish this task a tracking procedure will be implemented
already at the L1 Trigger level: in order to do so, the L1 electronics will also
be upgraded, making it possible to run more complex algorithms, and the
L1 Trigger latency will increase from 4 us to 12.5 us. To cope with these new
operation conditions, an upgrade in the front-end electronics and an increase
in the acceptable trigger rate will also be necessary, in particular, to keep
under control algorithms involving photons and hadrons, more influenced by
the pileup increase with respect to other kinds of algorithms.

Upgrades in the muon system To maintain its discovery potential in
the HL-LHC, the muon spectrometer will be upgraded, improving the already
installed muon detectors and installing also new ones, based on different tech-
nologies. The main muon system properties to maintain are the muon identi-
fication and reconstruction capabilities and the momentum resolution reached
in the past Runs. In particular, maintaining and possibly improving these ca-
pabilities will be fundamental for the integration of a new Track Trigger, which
will match candidate tracks in the tracker with L1 trigger muons, exploiting
in particular their py information.

These last features will be achieved thanks to the installation of new muon
stations: this will indeed increase the redundancy, making possible to solve
tracking ambiguities already at the trigger level, and keeping in this way the
trigger rate under control without increasing the pp threshold, which could
lead to the loss of new physics events, containing low py muons. In addition,
the installation of new muon stations is important for the standalone triggering
of long-lived BSM particles, decaying outside of the CMS inner tracker.
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The muon detector technologies at the end of Run-2 were CSCs, DTs and
RPCs. CSCs will undergo an upgrade involving mainly their electronics, to
sustain the higher L1 trigger latency programmed for HL-LHC. This upgrade
will imply a higher power consumption by this subsystem, making necessary
also an upgrade of the LV system. On the other hand, also the HV power
system will be upgraded, to cope with the higher background rates and provide
better monitoring of the detector currents.

The second system is represented by DTs, which will be upgraded in their
front-end electronics components, to ensure its survival in the higher radia-
tion environment and to improve its trigger rate capability: this will be made
possible by transferring to the USC counting room the Minicrates which host
the logics deputed to the time digitization and the L1 trigger primitives gen-
eration. In addition, this upgrade also aims at providing improved objects at
the L1 trigger level (segments).

Finally, the RPCs system will install new RPC detectors in the region
In| > 1.6, stations RE3/1 and RE4/1 (Fig. [1.23)), increasing the redundancy
in the endcap. The new RPCs will have thinner electrodes and gaps in order
to cope with the rate present in this 1 region. The back-end electronics of the
whole RPC system will also be upgraded, in order to improve time resolution.
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Figure 1.23: View of a quadrant of the CMS Muon Spectrometer in the plane
R-z in Phase 2. In red are indicated the GEM stations GE1/1, GE2/1 and

MEO [46].

In the region |n| > 1.6 the redundancy will be increased not only with
RPCs detectors but three additional stations will be installed close to the
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existing CSC station: GE1/1, GE2/1 and MEO (Fig. [L.23). These stations
will be based on the so-called Gas Electron Multiplier technology (GEM).
GEM is a technology characterised by a high radiation hardness and high rate
capability. These detectors are gaseous detectors operating with a mixture of
Ar/COq (70%/30%): they show a stable gas gain for rates ~ MHz/cm?.
Given their high rate capability, they are suitable to operate in the n region
of the endcap where a rate up to 150 MHz/cm? is expected. In addition, these
detectors have a spatial resolution ~ 100 pm.

In LS2 the GE1/1 station has been installed in CMS and its commissioning
is ongoing (2021), while the stations GE2/1 and MEO will be installed during
the Run-3 End of Year Technical Stop (EYTS) and the LS3 (Fig. [1.21). In
particular, GE1/1 and GE2/1 will be installed in the region 1.6 < |n| < 2.4
and increase the redundancy by adding more detection layers to the n region
already instrumented with CSCs and RPCs. On the other hand, the MEO
station will increase the muon spectrometer detection coverage, since it will
be installed in the region 2.0 < |n| < 2.8. The increased coverage of the
pixel tracker for Phase-2, near n ~ 4, and the replacement of the endcap
calorimeters with the newly designed HGCal, driven the possibility to leave
enough room behind the calorimeter to install a muon station. The hostility
of the environment determined that also MEO should use GEM technology.
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Chapter

The CMS GEM upgrade

In this chapter the evolution of gas detectors will be illustrated, arriving to
explain the design of GEM (Gas Electron Multiplier) detectors. The discus-
sion will move then to the description of the GEM stations already installed
(GE1/1) and programmed for a future installation in the CMS experiment
(GE2/1 and MED).

2.1 History and evolution of gaseous detec-
tors

2.1.1 First gas detectors

The history of gaseous detectors starts at the beginning of the 20th century,
with the development of the first devices for radiation detection: the ionisation
chambers, the proportional counter and the Geiger-Miiller counter. These
detectors have all the same design but different names from their different
operating conditions. The design is a simple cylinder filled with a gas medium
and with a thin wire placed at the center of the tube, as illustrated in Fig[2.1]
During its operation, a radial electric field is created inside the tube, described
by the law

1%

~ rlin(b/a)

(2.1)

where Vj is the voltage applied to the anode wire, b and a are respectively the
inner radius of the cylinder and the outer radius of the anode wire and r the
radial distance from the cylinder axis. When an ionising particle enters the gas
medium, releases part of its energy, which ionises the gas and creates a cloud
of ions and electrons. The mean number of ion-electron pairs created in the
ionisation process is proportional to the energy released in the gas medium.
By the effect of the electric field, the electrons are accelerated towards the
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anode wire, while the ions towards the cathode, where they are collected.
Custom electronics finally reads the signal produced on the anode wire.
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Figure 2.1: Scheme of a cylindrical ionisation detector [48].

The detector can be classified as an ionisation chamber, a proportional
counter or a Geiger-Miiller counter, depending on the applied voltage Vj.
This voltage indeed defines what happens to the freed ion-electron pairs once
created, defining different operation regions, as shown in Fig. The first
region is the recombination region, where the detector operates when the ap-
plied voltage is not enough to collect all the electron-ion pairs produced in
the ionisation process before they recombine. The second region is the ionisa-
tion region, represented by the first plateau on the left and obtained applying
a Vp value high enough to obtain a complete collection of ion-electron pairs
produced in the ionisation process: a gas detector operating in this region is
called ionisation chamber.

When the voltage is further increased, the detector enters the so-called pro-
portional region. In this case, the electrons produced in the primary ionisation
and accelerated by the electric field, acquire a high enough energy to ionise
other gas molecules and produce a so-called avalanche multiplication. This
avalanche is created mainly near the anode wire, where the electric field has
a higher intensity. In particular, the number of ion-electron pairs produced is
proportional to the number of electrons produced in the primary ionisation,
resulting in a proportional current signal detected on the anode wire. From
this, a detector operating in this region is called a proportional chamber. It
is important to notice that the majority of the signal detected on the anode
wire is induced by the movement of the ions created in the gas: these indeed
take a longer time to reach the cathode, with respect to the time taken by
electrons to reach the anode, as illustrated in detail in Section 6.5.1 of [48].

If the voltage is increased still further, non-linear effects start to arise.
The ions created in the medium indeed take a very long time to drift towards
the cathode: if in the meantime too many ions are created they accumulate
in the detector, creating a space charge and altering the detector electric
field. In this way, the avalanche multiplication still occurs, but no longer
proportionally to the number of primary electrons. This region is called the
limited proportionality region.
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Finally, a further increase in the operation voltage pushes the detector in
the so-called Geiger-Muiiller region, where the space charge created becomes
so abundant to self limit the multiplication, saturating the output current. In
this operation region indeed many avalanches are created and develop along
the entire length of the anode wire, instead of a single and localised avalanche.
The saturation of the current implies that the output current does not give
an indication of the number of primary electrons or on the energy deposited
by the ionising particle which triggered the avalanche process.

Pulse
amplitude
{log scale}

Geiger—
‘ Mueller
! region
Limited |
' prop. |
l region
I I Proportional l l
| 1on |  region
| saturation | |
Applied voltage

Figure 2.2: Operation regions of single wire gaseous detector, with the pulse
amplitude plotted for events releasing two different amounts of energy in the
gas medium [49].

2.1.2 The Multi-Wire Proportional Chamber (MWPC)

The first idea to cover large detection areas using proportional counters was
to create an array of these detectors, placed next to each other, but this is a
solution not very attractive from the mechanical point of view. In addition,
this does not provide a satisfying space resolution, due to the space occupied
by each detector, resulting in a low granularity.

In 1968 Charpak and his team built the first working Multi-Wire Propor-
tional Chamber, made of a set of parallel wires closely spaced and enclosed
between two parallel planes. The two planes are the detector cathode and are
set to a negative potential, while all the wires are grounded, so set at the same
potential. A scheme of the design is illustrated in Fig [2.3h. The innovative
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discovery made by Charpak and his collaborators was to recognise that in this
configuration each wire operates as an independent counter. Variations in the
original MWPC design has been made over the years and one example are the
CSC chambers installed in CMS [32].

The spatial resolution o of an MWPC is determined by the wire mutual
distance S as 0 = S/v/12. So for a typical spacing S = 2mm, a resolution
of ~ 0.5mm is obtained. This resolution can be improved by stacking many
layers of chambers, with different wire orientations and segmenting the cath-
ode planes. On the other hand, the time resolution of an MWPC is usually
~ 20ns, when operated with an Ar/CO; (70/30%) gas mixture.

(a)

Figure 2.3: (a) Scheme of a Multi-Wire Proportional Chamber: the typical
parameters are S = 2mm as wire pitch and the distance of wires from the
cathode plane [ around 3-4 times larger than S; (b) Representation of electric
field lines and equipotential surfaces in the plane orthogonal to the plane of
the wires in an MWPC [50].

The MWPC presents anyway some limitations, first of all in the arrange-
ment of the anode wires. During the chamber operation indeed a high electric
field is created between the wires, that can be displaced in the direction per-
pendicular to the anode wire and alter the electric field in the chamber and
its operation. This results in practice in a maximum spatial resolution of the
order of 1 mm for an MWPC.

Furthermore, the limited drift velocity of the space charge created during
each ionisation limits the rate capability of the detector. Each time a space
charge is created, the electric field around the wires suffers from a screening
phenomenon. A too high flux of particles could be in this way underestimated
since the gas gain becomes lower as the accumulated space charge increases.
Such a decrease in performance is illustrated in Fig. [2.4]
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Figure 2.4: Rate capability of MWPC and MSGC in different configurations
[51].

Finally, also aging can affect the MWPCs operations. This effect derives
from the interaction of ionising particles with the case medium: when a parti-
cle crosses the gas medium and produces an ionisation the gas molecules can
break and their remnants can deposit on the wires, screening the electric field
given by the bare wire and modifying the gas gain uniformity of the chamber.

2.1.3 The Micro Strip Gas Chamber (MSGC)

To overcome the limitations of a design including wires, a new generation of
gaseous detectors has been introduced, called Micro Pattern Gaseous Detec-
tors. One first example of MPGDs is the Micro Strip Gas Chamber (MSGC).
The basic design of this detector is illustrated in Fig. 2.5

The innovative idea of this detector design was to place the anode and
cathode electrodes on the same insulating plane, removing the problem of re-
pulsion among the wires and the following distortion in the electric field. This
possibility was offered by the application of photolithographic techniques to
build the electrodes. As shown in Fig. [2.5p, the anode strips are the narrower
ones; this strip arrangement, united to the effect given by an additional cath-
ode electrode placed on the top of the detector, the drift electrode, creates the
peculiar field illustrated in Fig. [2.5h. Below the insulating substrate an addi-
tional electrode, called back-plane is placed, segmented in strips perpendicular
to the anode and cathode strips. The segmentation of the backplane provides
in this way an additional spatial coordinate, enabling a 2D localisation of the
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Figure 2.5: (a) Representation of a MSGC in the plane orthogonal to the
strips, including a scheme of the electric field and equipotential lines; (b)
representation of a MSGC with the electrodes sizes and mutual distances

B2][53].

SUBSTRATE

ionising particle.

In this configuration, when an ionising particle crosses the gas medium
creates ion-electron pairs, with the ions collected by the cathode strips, while
the electrons will drift towards the anode strips, where the stronger electric
field makes possible their multiplication. This design in particular solves the
limitations given by the MWPCs in terms of rate capability (Fig and
space resolution, from O(mm) (MWPC) to O(100 ym) (MSGC).

Even if reduced, the aging effect still verifies for MSGCs, due to the for-
mation of polymers in the avalanche process. The aging effect is limited
by choosing a different gas mixture to operate the detector, which increased
the operation time of the detector up to an integrated charge of at least
120mC/cm (equivalent to 10 years of operation at the LHC in its design
configuration).

Two other problems arise in this MSGC design configuration: the charging-
up of the insulator substrate and the occurrence of discharges between near
strips, triggered for example by a crossing heavily ionising particle, such as
a neutron or a nuclear fragment. The first effect involves the substrate free
region between two strips and consists of the accumulation of ions generated
in the avalanche process. This accumulation leads to a distortion of the de-
sign electric field but can be solved by producing the detector with a slightly
conductive substrate, increasing the rate sustained by the detector to about
1 MHz/mm?, without a significant loss in the gas gain uniformity, as shown
by the red data set in Fig. [2.4]

The discharge problem is the most serious one: the discharges occurring
between two electrodes lead sometimes to damage in the strips (shown in
Fig. , creating short circuits and making areas of the detector inoperable.
These discharges represent a major obstacle for the operation of MSGCs in
the high luminosity LHC conditions, where a high flux of heavily ionising
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particles is foreseen.

===

Figure 2.6: MSGC strips damaged by discharges occurring in the gas medium
[52].

2.1.4 The MlIcro MEsh GAseous Structure (MICROMEGAS)

The limitations shown by MSGCs have clarified that a further R&D in gaseous

detectors was needed to match the requirements of the new High Energy

Physics experimental conditions. This has led to the development of many

MPGDs and one of them is the MIcro MEsh GAseous Structure (MICROMEGAS).
This detector is composed of

« a plane of anode readout strips deposited on a PCB,
o a drift cathode electrode on the top of the detector,

« a micromesh between the strips and the drift electrode, dividing the gas
into two regions.

The micromesh creates two different electric field regions: the conversion re-
gion (3 mm), with a moderate electric field ~ 100 V/cm, and the amplification
region (100 pm), with a stronger electric field ~ 50kV /cm, as illustrated in
Fig. 2.7

The high electric field in the amplification region and its small size (100 pm)
allow that most of the positive ions are collected on the mesh and don’t ac-
cumulate in the amplification gap. This provides a high rate capability to the
MICROMEGAS, allowing it to operate in high particle fluxes, as illustrated

in Fig. 2.8
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Figure 2.7: (a) Representation of the structure and operating scheme of a
MICROMEGAS detector; (b) representation of the electric field and equipo-
tential lines in the plane orthogonal to the micromesh [52][55].

The defect of this design is represented by the fact that a high electric
field is generated in the amplification gas, which translates in the possibilities
of discharges on the readout strips. This as for MSGCs represents a serious
issue, since the discharges could create short circuits among the readout strips,
making inoperable regions of the detector.

2.1.5 The Gas Electron Multiplier (GEM)

In 1997 Fabio Sauli invented a new detector technology, called the Gas Elec-
tron Multiplier (GEM). First of all, he understood that it was better to have
the multiplication of the signal not directly in the gas medium close to the
readout strips, but possibly inside the layer separating the gas in regions: for
this, he designed a special layer, called GEM foil. Then Sauli understood that
the multiplication of the signal could be achieved in successive multiplications,
instead of just in one stage. We’ll come back in the next sections on this sec-
ond point, for the moment let’s focus on the function process of a GEM foil.
A GEM foil consists of a polyimide foil cladded on both sides with copper;
on the foil, a series of holes are made by chemical etching, as illustrated in
Fig. 2.9

The particular design allows creating a modest electric field in the gas
region surrounding the foil and an intense electric field inside the holes. This
field is created applying an electric tension between the two copper clads of
the GEM foil; applying a voltage difference of 300 — 500V the field created
inside the holes is (~ 100kV/cm). Thanks to a so intense field the electrons
can accelerate enough to trigger an avalanche multiplication. A schematic
representation of the electric field in the chamber is shown in Fig. [2.10}
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Figure 2.8: Current detected in a MICROMEGAS, for different particle fluxes
[52].

Using two or more GEM foils in cascade allows reaching a total higher
gain, with lower operating voltage in a single foil. Using a lower voltage
is fundamental to prevent the formation of discharges, which could create
damages in the detector or even in the electronics, in case of propagation.
The most common design, also adopted by the CMS GEM project, consists
of three stacked GEM foils.

2.1.5.1 GEM foil manufacturing

Three main parameters have to be considered in the GEM foil manufacturing:
e hole diameter,
 hole pitch,

e hole shape.

The configuration adopted by the CMS GEM project is a biconical hole,
with pitch P = 140 pm and with the diameter of the top and bottom faces
respectively D,,, = 70 pm and Dy, = 85 pm. This asymmetric configuration
has been chosen, since it optimises the foil electron collection and extraction
efficiencies, respectively called €.,; and f..... These last two quantities will be
presented in the next section.
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(c) (d)

Figure 2.9: (a)(b) Top view of a GEM foil from an electron microscope picture
and in a scheme illustrating the pitch of the holes P = 140 yum. (c)(d) Lateral
section of a GEM hole in an electron microscope picture and in a scheme,
showing the thickness of the copper cladding ¢t = 5 um, the Kapton foil thick-
ness 7' = 50 um and the inner and outer diameters of the hole d = 50 ypm and
D =70 um. It can be noted that the shape of the hole is biconical [56][57].

2.1.5.2 Single GEM detector

The simplest design for a GEM detector is composed of a single GEM foil, a
cathode electrode on the top and a patterned anode at the bottom to collect
the signal, as illustrated in Fig. 2.11]

In this detector design the only mechanical parameters, apart from the
GEM foil model, are the distance of the foil from the cathode and anode
electrodes. The region between the GEM foil and the cathode is called drift
gap, while the region between the foil and the anode is the induction gap.
These two distances are indicated respectively as hp and h;.

During the detector operation, the detector is filled with a proper gas mix-
ture, such as Ar/COy (70/30%), and three electric fields are created inside
the detector: the drift and induction electric fields Ep and E; in the cor-
responding gap regions, and the amplification electric field F4 inside of the
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Figure 2.10: Electric field in a GEM detector, showing the field lines and the
equipotential surfaces in the plane orthogonal to the foil [56].
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Figure 2.11: Schematic representation of a single GEM detector [57].

GEM holes.

When an ionising particle crosses the detector and creates an ionisation
in the drift gap, primary ion-electron pairs are created inside the gas medium
and, following the electric field lines, the positive ions start to drift towards the
cathode while the electrons move towards the top layer of the gem foil. Inside
the holes, the electrons are multiplied, producing in this way a corresponding
number of positive ions.

Since some of the field lines terminate on the foil (Fig. , the majority
of the ions produced in the multiplication will be collected on the top copper
clad of the GEM foil. On the other hand, the multiplication electrons cross
the hole, with a part of them collected on the bottom copper clad and the
others starting crossing the induction gap, proceeding towards the readout
strips.

In this way, the majority of the signal will be induced by the electrons
moving in the induction region and also faster. This is innovative with respect
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to the other gaseous detectors, where the signal is induced by the ions, that
due to their low mobility gave a longer signal in time.

Drift and induction electric fields. The drift (Fp) and induction (Ej)
electric fields are involved in two different ways in the readout signal formation.

Ep is involved in the collection of the primary electrons produced in an
ionisation process above the GEM foil, routing them inside a GEM hole. The
quantity defined to understand the quality of the electron collection is called
collection efficiency:

electrons collected in the holes

(2.2)
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“l ™ electrons produced above the holes
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Figure 2.12: Single GEM operated in Ar/CO, (70/30%) (a) Collection ef-
ficiency as a function of the drift electric field Ep, measured with different
methods: integral current and pulse with two different amplifier shaping times.
(b) Current measured on different electrodes: Ip is the current on the drift
cathode electrode, It and Ig are respectively the currents on the top and
bottom copper clads of the GEM foil, Ig the current registered on the readout
strips, Itor is given by the sum Iror = Is + I and represents the real GEM
gain [57].

Fig shows how a small drift field Ep < 0.5kV/cm gives a small col-
lection efficiency. This effect is given by the recombination of the electrons
(significant for electronegative gas mixtures) and by their too small drift ve-
locity to form a fast enough signal (in Fig. shaping times of 1 us and
100 ns have been considered). On the other hand, €. is small also for an in-
tense field (Ep > 3kV/cm). In this case, a big fraction of electrons is collected
on the top surface of the GEM foil, since the number of lines of the electric
field closing on the top surface of the GEM foil increases.
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For intermediate field values Ep ~ 1 — 3kV/cm, €.y reaches a constant
maximum value and, for this reason, the operation electric field is chosen in
this region. Usually, for a Ar/CO, (70/30%) gas mixture, Ep ~ 2kV/cm is
used.

The induction electric field E; is instead involved in the extraction of
multiplied electrons from the hole and their transfer to the anode readout
electrode, and this is evaluated by the extraction efficiency f..s., defined as

electrons extracted from the holes

fe:ptr =

) 2.3
electrons produced inside the holes (2:3)

In this case, the multiplication electrons are produced inside the hole and
pushed out of it thanks to the electric field inside the hole, but for a too low E;
value, they cannot reach the anode electrode to produce the readout signal.
The electrons in this case are indeed attracted and collected on the bottom
layer of the foil. This behaviour is illustrated in Fig [2.12p, where Ig is the
current induced on the readout strips and Ig is the current measured on the
bottom copper clad of the GEM foil. For an intense induction electric field
E; > 8kV/cm, a large electric field is created on the edge of the anode strips
and trigger a discharge. In order to minimize discharges and have a good
extraction efficiency, a compromise choice is E; ~ 5kV /cm, which allows to
route ~ 50% of the multiplication electrons on the readout strips.

Drift and induction gap thickness. The thickness of the drift gap has
to ensure at the same time a good intrinsic detection efficiency and maintain
the rate specifications. The 3mm thickness is wide enough to ensure the
production of a number of clusters for a full detection of minimum ionising
particles in a High Energy Physics experiment like CMS. A wider gap on the
other hand would not affect the detection efficiency, but it would affect the
rate capability since the charges will have a wider volume to cross before being
collected.

The induction gap thickness has to ensure a good extraction efficiency from
the holes and at the same time minimize the formation of discharges. With
a sub-millimetric gap, the electrons would have a small region to cross, but
the adoption of such a design would require a high mechanical tolerance, since
imperfections in the design would trigger discharges on the readout plane and
could lead also to non-uniformities in the gain. For this reason, an easier to
handle thickness of 1 — 2mm is usually chosen.

GEM foil voltage. The role of the voltage applied to the two copper clads
of the GEM foil, indicated with AVgey (Fig. , is to fix the amplification
factor inside the GEM holes. The gain describing the amplification in an
avalanche process is described by the typical relationship

dn =n-«ax) - dx, (2.4)
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where n is the number of electrons at a certain position z, « is the first
Townsend coefficient, representing the number of ion-electron pairs created
per unit length and dn the variation of the electron number in a path dz. The
Townsend coefficient depends in particular on the temperature, pressure and
electric field present in the gas.

The intrinsic gain obtained integrating over the electron path [z1, x5 is

G = el 6, (2.5)

Getting an average value « of the Townsend coefficient over the path and mak-
ing explicit the dependence by the voltage difference Viggyy, the relationship
can be rewritten as

Gin o -€*VGEM, (2.6)

The intrinsic gas gain of a single GEM detector is O(10?), but due to the
configuration of the drift and induction electric fields, the effective gas gain
is generally lower than 103. Ep and E; determine indeed the collection and
extraction efficiencies, €.,y and fe., which contribute to the effective gas gain
in the following way

Geff = Gm * €coll * fextr = Gzn : T, (27)

where T = €. * fextr 1s called electron transparency.
The strategy to obtain a higher effective gas gain, up to O(10* — 10°), is
to use a detector including more than one GEM foil.

2.1.5.3 Double GEM detector

In a double GEM detector an additional player is added to the design, the
transfer region. As for the drift and induction gaps, the electric field and
the thickness of this region has to be determined. Since in CMS triple-GEM
detectors are installed, the transfer gap thickness will be analysed only for
those detectors, while the transfer electric field will be illustrated in the double
GEM configuration, for an easier understanding.

Transfer electric field The transfer gap can be seen in two different ways:
as induction region of the previous GEM foil, or as drift region for the fol-
lowing one. For this reason, the transfer electric field has to optimize both
the extraction efficiency f..; from the previous GEM foil and the collection
efficiency €.y for the next GEM foil.

In Fig. the currents flowing on the different electrodes for a dou-
ble GEM detector operating with a gas mixture of Ar/COy (70/30%) are
represented, as a function of the transfer electric field Ep. The drift and in-
duction fields have been fixed both at 5kV/cm, while the potential differ-
ence on the GEM foils has been set respectively to AVgea1 = 500V and
AVggyo =350V,
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Figure 2.13: Current flowing on the electrodes of a double GEM detector
as a function of the transfer electric field Er. The detector operates with
gas mixture Ar/COy (70/30%), drift Fp and induction E; fields are fixed at
5kV/cm and the potential differences on the foils are set to AVggy1 = 500V
and AVggye = 350V. The currents represented are: the current flowing on
the drift electrode Ip, on the top and bottom layer of the first GEM foil I,
and Iy, on the top and bottom layer of the second GEM foil I75 and Ips,
and the current induced on the readout strips Ig [57].

It can be observed from the current values that for a transfer field Er <
2kV /cm the electrons are correctly collected and multiplied by the first GEM
foil, but then they are mainly collected on the bottom copper clad of the first
GEM foil. This is due to the field lines closing on the foil, minimizing the
extraction efficiency, and can be well understood looking at the current flowing
on the bottom layer of the first GEM foil (Ip;), which reaches its maximum
negative value for £ — 0. Due to this effect, the current observed on the
bottom clad of the second GEM foil 55 and that induced on the readout
strips Ig goes to 0.

On the other hand, for a transfer field £z > 6kV /cm the electrons are
mainly collected on the top of the second GEM foil and not by its holes,
reducing its collection efficiency. This can be understood by pointing out the

decreasing trend of the current flowing on the top copper clad of the second
GEM foil Ips.

To minimize both these effects, Fr is usually chosen in the range Ep ~
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2. The CMS GEM upgrade

3—5kV/cm and these considerations are valid also for a triple GEM detector.

2.1.5.4 Triple GEM detector

The triple GEM design allows performing the amplification in three stages.
This allows achieving a higher gas gain, with a moderate potential difference
on the GEM foils and with a lower discharge probability, as illustrated in

Fig 214
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Figure 2.14: Gain and discharge probability as a function of the voltage ap-
plied to each GEM foil in single, double and triple GEM configuration. The
solid line refers to the effective gain data, while the dashed one refers to the
discharge probability. [56].

As for double-GEM configuration, transfer gaps are introduced in the de-
tector. They basically play the role to feed the next GEM foil with the
multiplication electrons of the previous one. An electric field similar to that
adopted for double-GEM detectors (E7 ~ 3 — 5kV/cm) can be adopted in
both of them, while a deeper description is needed about the thickness of the
two transfer gaps.

First transfer region thickness. When a particle crosses the detector gas
medium, it can produce ionisation in any of the gaps, undergoing a number
of multiplications as the number of the GEM foils following the region where
the ionisation occurred. Obviously, the signal has to be intense enough to be
discriminated by the front-end electronics. So a particle producing the first
ionisation in the second transfer gap or in the induction gap will produce a
not enough intense signal to be accepted by the front-end electronics. On the
other hand, a particle ionising for the first time in the first transfer gap (2
next multiplication stages) could produce a usable signal, thanks to the local
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fluctuations in the gas gain, and be detected in the same way as a particle
which ionised in the drift region (3 multiplication stages). This effect produces
a broadening in the time resolution of the detector since a signal originating
in the first transfer region will reach the readout electrode in a smaller time
than one born in the drift region. This time depends on the thickness of the
transfer gap g and on the drift velocity inside this region (determined by the
electric field in this region and by the gas mixture used) and is of the order
of At = gr1/Varifty,- One solution to minimize this effect, called the bi-GEM
effect, is to offer to the particle a smaller transfer region where to ionise, or,
in other words, make the first transfer gap narrower (1 mm).

Second transfer region thickness. Unlike the first transfer gap, the sec-
ond transfer region cannot contribute to the bi-GEM effect, due to the in-
sufficient multiplication achieved by only one multiplication stage. On the
other hand, this transfer region plays an important role in the formation of
discharges: the high density of multiplication electrons in a single GEM hole
could indeed overcome the Raether limit (maximum gain G < 10%) and push
the detector in the streamer mode, triggering the production of a discharge.
There are two main solutions to limit this:

« add a quencher to the gas mixture,
o allow a wider electron diffusion in the gap.

The quencher limits the discharge problem, absorbing the photons emitted
by the de-excitation of molecules which could trigger secondary avalanches
and ultimately a discharge. However, the quencher usage is limited by the
development of ageing phenomena which contribute to the detector operation
degradation.

The most convenient solution is so represented by making the electrons
spread on more than one hole and this can be done by manufacturing a thicker
transfer gap, taking advantage of the electron cloud diffusion phenomenon.
The solution adopted by the CMS GEM project is a second transfer gap 2 mm
thick, as a compromise between the minimization of the discharge probability
and the space requirements imposed by the experiment installation region. In
particular, in Fig. the 3/1/2/1 design adopted by CMS for the GE1/1
station is illustrated.

Gain of a triple-GEM detector. Since the multiplication of the signal

occurs in cascade stages, the intrinsic gain can be roughly determined as the
product of Eq. for the three gem foils, becoming
k=3 k=3

Gin X H €<OC>'VGEMI€ X €<a>2k:1 AVGE]\/[k’ (28)

k=1
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Figure 2.15: Design adopted by CMS for a GE1/1 triple-GEM detector. In
figure the electric fields of each region, together with their thickness are il-
lustrated: Ep and gp for the drift region, Epy and gy for the first transfer
region, e and gy for the second transfer region, F; and g; for the induction

region [60].

where < a > is the average first Townsend coefficient across the holes and
AVggu ke is the voltage applied to the single GEM foil.

As for the single GEM detector, for each foil, there are factors €., and
fextr that reduce the intrinsic gain. Similarly to Eq. 2.7, the effective gas gain
can be expressed as the product of an intrinsic gain G, and of a transparency
T‘tot :

k=3 k=3
k=3
Geff = Gy Thor = H e<a>AVepnk Ty = e<a>'2k:1 VeEME | H Ccotl ks foutr b
k=1 k=1

(2.9)
where the sum of the voltages applied on the single foils can also be labelled
as AVEL = Y823 AViapare. To have a fixed gain, as suggested by Eq. [2.9
the potential differences applied to the single GEM foils can also be different
from each other, and only their sum AV}%,, has to be maintained constant.

In particular, making AVggy1 the highest one and AVggyrs the lowest
one is a solution that allows:

e to limit the bi-gem effect, since the primary electrons created in the
first transfer region will undergo a lower multiplication, reducing the
probability to produce a final signal high enough to be discriminated by
the front-end electronics;

e to limit the discharge occurrence, since the charge reaching the third
foil will be higher, but the amplification inside the hole is lower and
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Channel E/E a0z
Drift gap 0,040
GEM foil 1 1
Transfer gap 1 0,047
GEM foil 2 0,982
Transfer gap 2 0,047
GEM foil 3 0,937
Induction gap 0,067

Table 2.1: Example of electric fields normalised to the maximum one, Eggari.
These data refer to the CMS GE-1/1/01 Super-Chamber. GE1/1 chambers
adopt a design 3/1/2/1 mm for the gap spacing.

the electron cloud is also distributed among many holes by the diffusion
effect.

To have an idea of how much the electric fields differ from each other, I
have reported in Tab. [2.1]an example, referring to a GE1/1 chamber installed
in CMS.

Discharges. A discharge in a GEM detector is triggered when the Reather
limit is overcome inside a hole, due to the high number of charges produced in
the avalanche multiplication. In the case of a triple GEM the second transfer
gap is one of the major players in the discharge creation.

A discharge is usually created between the top and bottom side of a GEM
foil and it manifests as a fast drop in the voltage difference applied to the
foil and at the same time induces a signal on the nearby electrodes. When a
discharge is created inside a foil two main things may happen:

» the discharge does not propagate to the other foils or layers which don’t
lay on the same foil which summoned the discharge. In this case, the
voltage on the foil is recovered in a time scale of the order of a few
milliseconds.

« the discharge propagates to other distant layers.

There are two different hypotheses at the basis of the propagation of a
discharge that crosses a gas gap:

« a photon emitted during the original discharge extracts charges from the
gas medium and/or from the metallic electrodes,

 the original discharge heats the copper rim of the hole, partially melting
the copper and changing the hole shape (Fig [2.16). The heating of
the hole enables the extraction of electrons from copper by thermionic
emission and the electric field present in the area drives them away from
the extraction point.
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Figure 2.16: Scanning Electron Microscope (SEM) picture of a GEM foil after
one single discharge with an energy of 2mJ [62].

Given the complexity introduced by the propagation in the detector, to
study the dynamics of a discharge is necessary to monitor the voltage of each
HV electrode in the detector. For this purpose, high voltage probes are used
to measure the voltage on each HV electrode and an antenna electrode is used
to identify the beginning of the discharge event and trigger the acquisition.

Fig. shows an example of the behaviour of the electrodes of a 10 cm x
10 ¢m triple-GEM detector in a discharge event. In particular, are represented
the electrodes of the third GEM foil, the bottom and the top one respectively
labelled G3Bot and G3Top.

At time 0 the original discharge is created and after ~ 14 us it propagates
to the readout plane, creating a conductive channel in the gas. The conse-
quence of this is a drop to zero of the voltage of both the electrodes of the foil
(G3Top and G3Bot), draining the charge accumulated on the foil. It can be
also observed that after a relatively short time the system tries to restore the
voltage, but another discharge propagates on the readout. The drain of the
charge from the foil is of fundamental importance to understand how much
damage a discharge could carry: during a discharge indeed the GEM foil be-
have as a huge plane capacitor, with a lot of charge accumulated on, and in a
propagated discharge all this charge can flow on the readout plane.

The dimension of the copper plane from which the charge can be drained
during a discharge plays so a fundamental role in defining the amount of
its energy: to limit this, foils with a segmented top copper layer started to
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Figure 2.17: Discharge event registered on a 10cm x 10cm triple-GEM de-
tector. The voltage on the single electrodes are measured with a high voltage
probe with an attenuation factor 1000. To trigger the acquisition of the dis-
charge event an antenna is used [62].

be used. Furthermore, each of the segmentation sectors of a copper layer is
decoupled with a resistor of 1 — 10 M2, but this is not enough to prevent
discharge occurrence and consequent damages. The event that reignited the
interest in the investigation of discharge propagation was the slice test of
GE1/1 CMS GEM detectors, where propagated discharges were identified as
responsible for the loss of electronics readout channels. The situation for these
detectors is particularly important since the bottom plane of the foils is made
of a single unsegmented copper foil and so all the charge stored on the copper
layer can feed the propagated discharge. The studies performed by the CMS
GEM group concluded that to have a safe detector operation, a segmentation
of both sides of the GEM foils is needed, with each sector decoupled with a
0.1 — 10 M€ resistor [63].

However, this segmentation approach could not be used to protect GE1/1
detectors, since their production was already concluded. On the other hand,
the values of decoupling resistors, between the power supply and the foils,
have been increased and a so-called drain resistor has been introduced on
the readout plane. The role of this resistor is particularly interesting: once a
propagated discharge reached the readout plane a conductive path is created
inside the gas medium, and the charge of the foils flows towards the ground.
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Figure 2.18: Discharge event registered on a GE1/1 long triple-GEM detector.
The voltage on the single electrodes are measured with a high voltage probe
with an attenuation factor 1000. To trigger the acquisition of the discharge
event an antenna is used. It can be noted a much more complex behaviour in
the discharge evolution than what observed in a 10cm x 10cm triple-GEM
detector [62].

If a resistor is introduced on this path, part of the potential difference, which
sustains the electric field in the last gap, falls on the resistor, decreasing in this
way the electric field in the gap and discouraging the reignition of a discharge.

The segmentation solution will be instead implemented in GE2/1 and MEO
CMS GEM stations, with a protection resistor connected to each sector. The
only layer that will not undergo a segmentation will be anyway the G3Bot,
since its segmentation would introduce a cross-talk effect between the strips,
creating an induced signal also on the strips not involved in the avalanche
collection.

2.2 The GE1/1 station

The GE1/1 station is the first CMS subsystem based on triple-GEM tech-
nology. Its installation in the CMS detector started in July 2019 and its
commissioning is ongoing (at the time this thesis is written), in preparation
for the incoming Run-3 data-taking period. The purpose of this detector is
to co-operate with the CSC station ME1/1 in the production of L1 trigger
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primitives, adding 2 hits to the reconstruction of each track. This increase
in redundancy is particularly important for the L1 trigger, allowing to use a
lower p; threshold for the reconstructed muons. Fig. [2.19 shows how the co-
operation of GE1/1 and ME1/1 stations will allow measuring the A¢ bending
angle of a muon in the R — ¢ plane. Thanks to this, a better momentum
resolution and a lower number of fake candidates can be achieved, resulting
in a lower L1 trigger rate without increasing the pr threshold, as illustrated
in Fig. [2.20]
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Figure 2.19: Thanks to the distance among a GE1/1 and a ME1/1 station,
the possibility to measure the A¢ bending angle formed by a muon trajectory
crossing these two stations is offered [64].

Up to Run-2 in the slot for the installation of GE1/1 no detector was
installed. In the region indeed RPCs cannot be used, due to their insufficient
rate capability. This condition can instead be sustained by GE1/1 since its
detectors have a rate capability higher than 10 kHz/cm?. Furthermore, the
GE1/1 station can also sustain an integrated charge of 200 mC/cm? without
showing any loss in gain, coping with the harsh radiation environment where
has to operate.

As shown in Fig. , the GE1/1 station is installed in the region of the
endcap closest to the interaction point, 130.2cm radially distant from the
beampipe and covers the pseudo-rapidity range 1.55 < |n| < 2.18. In this
position, it is the first muon detector encountered by a particle coming from
the interaction point. The magnetic field in this region is ~ 3T, but is not
uniform in the chamber (Fig and such a configuration makes it harder
to assign to a crossing particle the correct pr from its bending angle in the ¢
plane.
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Figure 2.20: Level 1 muon trigger rate as a function of the L1 muon pr
threshold at an LHC luminosity of 2-103* cm~2?s™!, in blue without the GE1/1
station and in purple with the station installed [64].

In each endcap, the station is composed of 36 modules, called Super Cham-
bers, with a radial angular coverage of 10.15°. These modules are staggered
to achieve an overlapping in the ¢ plane, achieving a full coverage: for this
reason, the modules are of two types, a short and a long Super-Chamber, as is
illustrated in Fig. [2.22] The long Super-Chambers cover the pseudo-rapidity
range 1.55 < || < 2.18, while the short ones cover 1.61 < || < 2.18.

A Super-Chamber is composed of two triple-GEM single chambers, called
layers. The layer closer to the interaction point is labelled Layer 1 (L1), while
the other is Layer 2 (L2).

Once mounted in CMS, the two layers are powered by a common HV line.
This design was chosen to reduce by a factor 2 the number of boards required
to power the whole station and in this way also the budget required. This puts
a strong requirement on the choice of chambers paired in a Super-Chamber:
they should have a similar gas-gain. In this way when an HV configuration is
chosen, this will be the same for both layers and both of them should show
similar behaviour in terms of gain.

2.2.1 Design of a single chamber

Every single GE1/1 chamber is a triple-GEM detector, manufactured with a
gap spacing scheme 3/1/2/1mm, as illustrated in Fig. 2.15, Each GEM foil
used in the manufacturing shows a segmentation on the top copper clad (facing
towards the drift electrode), while it consists of a unique copper layer on the
bottom copper clad (facing towards the readout electrode). The segmentation
of the top layer is illustrated in Fig. [2.23] and consists of the division of the
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Figure 2.21: Magnetic field in GE1/1 installation region (dashed rectangle):
on the left the intensity of the magnetic field in the plane z — r is shown, on
the right the angle formed between the magnetic field vector and the z-axis

[64].

copper layer in sectors orthogonal to the long side of the chamber, 40 for short
and 47 for long chambers. This design was considered for two main reasons:

e to minimize the amount of charge which can be drained from the foil
during a discharge event: this led also to the installation of 10 MS2 pro-
tection resistors in each sector of the top copper layer, while on the
bottom one no protection resistor is applied. The role of the resistor is
to quench the discharge;

o to minimize the area of the detector that becomes inoperable or changes
its operation in terms of gas gain if a short circuit is created in the
sector.

As in all triple-GEM detectors, the readout plane is situated on the anode
below the induction gap. The anode plane is segmented in two directions.

« Along the n direction in 8 sectors (Fig. [2.23)).

o Along the ¢ direction in strips with a mutual pitch of 461 urad, for a
total of 384 strips in a single n partition. The pitch in mm depends
on the strip position in the chamber and on the chamber type, short or
long.

The total number of strips in a GE1/1 detector is then 8 - 384 = 3072.

The design of the electronics foresees that the strips in a single n partition
are not readout all together by a single device, but divided into 3 groups of
128 strips and readout by three corresponding devices, the VFAT chips.

The drift plane, the GEM foils and the readout plane are fixed mechan-
ically to a plastic frame, forming a bare detector, not equipped with any of
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Figure 2.22: Representation of the GE1/1 station with all its Super-Chambers:
on the left a Super-Chamber is represented, in the middle the arrangement
of Super-Chambers in the GE1/1 ring and on the right the GE1/1 station
installed in the so-called nose of the CMS detector. In blue and magenta
respectively the long and short Super-Chambers [64].

the services. The assembly procedure is performed without using glue, to
avoid any ageing process caused by the outgassing of materials inside of the
detector.

Once the bare chamber has been closed, it has to be equipped with the
electronics and all the services that allow its operation, as illustrated in the
exploded representation of a single chamber in Fig. 2.24] On the top of the
readout board, the electronics and the cooling plate are installed and, on one
side of the chamber, the patch panel.

This interface, illustrated in Fig. [2.25] hosts the connectors for the services
(the gas pipes, the HV and LV power cables and the electronics optical fibers)
and the connection to the ground of the CMS endcap. The ground reference
is distributed to all the electronics components, to the HV and LV inputs and
to the external structure of the chamber.

To complete the chamber two other components need to be installed:

o an external aluminium frame, enclosing the internal plastic one;

o an aluminium cover, called chimney, with a Kapton foil applied to its
inner side, to avoid an ohmic contact between the chimney and the
cooling plate below.

Together with a copper coating applied on the external side of the drift board,
they form a Faraday cage, fundamental to insulate the electronics from any
electromagnetic noise present in the CMS cavern during the detector opera-
tion. The electric contact among these components is ensured by the screws
fixing the chimney to the aluminium frame and by thin cables attached to the
patch panel, connected in turn to the CMS endcap ground.
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GE11 short

GE1/1 long

Figure 2.23: Segmentation of the foil in sectors, 40 for short and 47 for long
chambers. The colour represents the 7 sector of the readout plane facing the
corresponding part of the GEM foil, red and blue respectively for the 1st and
the 8th sectors [65].

The cooling plate. The cooling plate consists of a copper layer with a cop-
per pipe attached to it and routed outside of the chamber, on the patch panel
side. Its custom shape ensures contact with all the electronic components in-
stalled on the chamber, which need to be cooled during their operation. The
input and output pipes are coated with Kapton tape, to ensure the electrical
insulation between the cooling plate and the patch panel, and so the external
side of the chamber which acts as a Faraday cage. When 2 single chambers
are coupled in a Super-Chamber, a plastic U-pipe is applied to connect the
cooling plates of the two chambers to supply both of them with only one
cooling line.

The fluid used to cool the detector during its operation is water with a
temperature of 16 °C.

The HV filter. As illustrated in Fig. a tiny box is present on the
patch panel of each chamber, whose purpose is to reduce as much as possible
the noise introduced inside of the chamber by the HV cables. This task is
performed by 7 T-filter circuits, one for each of the 7 HV fed electrodes,
consisting of:

e a 10k resistor connected to the GEM electrode considered;
e a 2.2nF capacitor connected to the ground;

o a 320k resistor, connected on the side facing to the power supply
board.
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Figure 2.24: Exploded representation of a fully equipped GE1/1 detector [65].

Figure 2.25: Patch panel of a single GE1/1 chamber [65].

2.2.2 Services of GE1/1 chambers

To operate correctly GE1/1 chambers the station has to be equipped with
several services, each one controlled by a dedicated system, described shortly
in the following sections. To enable a single operator to have everything under
control at the same time during his shift, such a variety of systems needs to
be centrally controlled by a unique node and this is ensured by the Detector
Control System (DCS). At the same time, the safe operation of the detector
has to be granted and the Detector Safety System (DSS) is the apparatus
deputed to this task.
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2.2.2.1 HV system

The HV power system consist of four CAEN-SY4527 mainframes located
in CMS service cavern (USC), each of them hosting 9 HV boards CAEN-
A1515TG. This power board has been specifically designed to power triple-
GEM detectors: it powers 14 HV pins, creating a multichannel power supply
system. This offers wider flexibility in the voltage settings: for example, it
allows to power one channel alone and so investigating the detector behaviour
with only one active gap.

The channels of a board are used to power two adjacent Super-Chambers,
as illustrated in the HV mapping in Fig. [2.26| Both the layers of a Super-
Chamber, required to have a similar gas-gain, are powered by the same group
of 7 HV channels. The sharing of one channel among two equivalent electrodes
of the two layers is achieved through a Y-splitter patch panel located in the
HV racks.

Super-Chamber

Super-Chamber

| sowdo || 8.9 | ——[fendo |- 10,11 |
Mainframe 1 = Mainframe 2 --
: Board 7 H -30,-31 I —I Board 7 H -24, -ZSI
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| Boardo +8, +9 Board 0 +10, +11
o
Mainframe 3 | ! Boarda H +1, +36| Mainframe 4 = | Board4 H +18, +19|

|
|

{ Boards +28, +29 Board 8 +26, +27

Figure 2.26: Mapping of the GE1/1 HV system.

2.2.2.2 The LV system

The LV power system is composed of a part placed in the Underground Service
Cavern (USC) and one in the Underground Experimental Cavern (UXC). The
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starting point of the system is located in the service cavern and consists of
4 branch controllers CAEN-A1676A. As illustrated in Fig. 2.27] each branch
controller sends commands to a pair of crates Easy3000, placed in UXC.

Each crate hosts up to five boards CAEN-A3016HP and their power is
provided by the CAEN-A3486 power supply, called MAQ. In turn, each board
feeds up to 6 single chambers, corresponding to 3 Super-Chambers. Each
layer in a Super-Chamber indeed has its dedicated LV supply line, requiring
a voltage up to 8 V. This offers a flexible and independent operation of the
electronics of the two layers of a Super-Chamber.

Since the cable going from the board to the detector is tens of meters long,
some of the supplied voltage (O(0.1V)) is dispersed along the cable. For this
reason, two sense wires measure the actual voltage applied to the chamber
and this information is used to tell the board how much the delivered voltage
has to be increased to have the desired one on the chamber.
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Figure 2.27: Mapping of the GE1/1 LV system.

2.2.2.3 The gas system

The design of the gas system of CMS articulates in a main and a spare line
for each endcap, split into 12 lines, each of them feeding 6 adjacent single
chambers and belonging to Layer 1 or Layer 2 of adjacent Super-Chambers.
On each line are present two flowcells, to check the input and output flux.
The gas mixture enters and exits from the chamber through input and output
nozzles (Fig. 2.25). The flux at the moment is set to 181/h per gas line.

At the start of the main supply line a gas mixer combines the Ar and
COs in the desired percentages. The standard mixture used for the chamber
operation is Ar/COy (70/30%).

The system is designed to flux the chambers both in Ar/CO; and in pure
COs. This is particularly useful when the chambers remain inactive for a long
period (for example after the technical stops). In this case, the procedure
states to perform training of the HV electrodes first in pure C'O, and then
in the standard mixture, to clean the electrodes from any dust accumulated
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on the foil, which could cause a discharge. The training usually consists in
keeping a single foil to a fixed voltage for many hours (~ 12 hours), before
turning it off and moving to the next foil.

2.2.2.4 The cooling system

The cooling system is designed to refrigerate the on-detector electronics during
its operation. To perform this task, cool water at a temperature of 16 °C' and
with a pressure of 9 bar is pumped into the system. Both layers of a Super-
Chamber are cooled by the same cooling supply line since they are connected
together by a plastic U-pipe. The strength of this connection is checked when
each Super-Chamber is assembled, to be sure not to have a detachment of the
pipe in the CMS cavern with a consequent leak of water.

2.2.2.5 The Detector Control System (DCS)

To simplify the operation of the detector, the HV, LV and gas systems are
controlled by a single system: the Detector Control System (DCS). From this
node, the operator can deliver the commands to these three systems, which will
answer executing the desired command (for example setting a voltage value
on an HV channel of a Super-Chamber) and storing the measured values of
HV, LV and gas parameters in a dedicated database.

One additional functionality provided by the DCS is to enable the operator
to deliver simple commands to the whole system. Furthermore, more complex
scripts can be inserted to perform predefined procedures instead of executing
them manually, with the possibility of an error by the operator.

If during the operation of any of the systems, one of the parameters over-
comes a fixed threshold, the DCS raises an alarm and can take action to ensure
the detector safety, depending on the entity of the event. For example, if the
current of a fixed HV channel overcomes its operation threshold I, the board
A1515 sends a kill command to the interested channel and, at the same time,
the DCS raises an alarm for the operator. The boards indeed are programmed
to switch off if a too high current flows in a channel, to ensure a safe operation
of the detector.

Furthermore, through the DCS the systems are connected to dedicated
databases, where the quantities of interest in terms of detector operation and
monitoring, for example, the monitored voltage or the current threshold can
be saved. In addition, when an action is taken on a channel of these systems,
a status flag is also set and saved in the database, available for any needed
future investigation.

The GEM DCS also monitors the gas system, but, in this case, it can only
monitor the gas mixing parameters and it is not enabled to change them. In
case of any problem in the mixing, it raises an alarm to the CMS gas group.

In addition, the GEM DCS is integrated into the CMS Central DCS, which
is designed to operate all together every CMS subsystem from a single node
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and gather the corresponding alarms. There are two operation modes of the
subsystems: local and global.

When a subsystem is in local mode, its control is in the hands of the subsys-
tem detector expert, which has the power to change its operating parameters
depending on the operation needs, with complete autonomy from the other
subsystems.

When the control of the subsystem is released to the Central DCS, the
subsystem is in central mode and it can be operated only by the CMS Technical
Shifter. This operator has a limited action on the subsystem and can basically
switch it on or off, but not change the operating parameters.

If any change in the operating parameters is needed the CMS Technical
Shifter has to release the control, putting the subsystem in local and enabling
the detector expert to operate.

2.2.2.6 The Detector Safety System (DSS)

The DSS is the system that, together with the DCS, ensures the safety of the
detector. This system is designed to react to major safety threats and take
action to save the detector from damages, for example in case of fire, leaks or
any other threat which could undermine the detector operation.

Regarding the GEM subsystem, DSS has its own sensors installed on the
HV and LV racks and can take action on the rack, for example turning off the
entire rack or activating a fire extinguishing valve.

The DSS is enabled to execute automatically only some actions, while
for others it only raises an alarm, to make the CMS Technical Shifter and
Shift Leader aware of a possible threat. In case of a major threat alarm
these operators could decide to take action on the main DSS panel, placed in
the CMS control room, for example, switch off instantaneously a subsystem
(bypassing the DCS switch off procedure), or execute a protected action, such
as switching off the entire CMS experiment.

2.2.2.7 The back-end electronics

The back-end electronics is the part of the electronics installed in the Un-
derground Service Cavern (USC), connected with the detectors in the Un-
derground Experimental Cavern (UXC) by optical fibres tens of metres long.
This system is composed of two pTCA crates (also called shelves), each of
them hosting:

« a MicroTCA Carrier Hub (MCH), responsible for providing services to
every card hosted in the shelf;

o six custom made AMCs (Advanced Mezzanine Card), called Calorimeter
Trigger Processor cards (CTPT);

o an AMCI13;
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The CTP7 boards are the first element of the back-end electronics to re-
ceive the data stream from the front-end electronics. This custom made AMC
was formerly designed for the upgrade of the calorimeter trigger system, but
its ability to handle a gigabit stream of input and output data and its flexi-
bility suited well with the DAQ requirements for the GE1/1 chambers. Each
of these modules handles the data stream coming from 12 single chambers (6
Super-Chambers).

The AMCI13 performs three tasks:

o distributes the 40 MHz CMS clock to the electronics, to synchronize the
cards hosted in the shelf and their command executions;

e reads the status of the front-end electronics and communicate it to the
central CMS control system, the Timing and Control Distribution Sys-
tem or TCDS;

o gathers the stream of data collected by the CTP7 boards and sends it
to the CMS central DAQ.

2.2.2.8 The front-end electronics

The front-end electronics is the part of the readout electronics located on the
chamber and is composed of 4 main components:

o the GEM Electronics Board or GEB,
o the FEAST voltage converter,
o the VFAT3 ASIC;

» the OptoHybrid board.

The GEB. The GEB is a passive PCB module designed to route the LV
power from the patch panel to the single active components installed on the
chamber. In addition, it also routes the signals induced on the strips towards
the readout VFATS3 chips. Finally, other paths connect the VFATs with the
OptoHybrid board, attached to the GEB with a SAMTEC connector.

The FEAST. On every single chamber, 9 FEASTMP-CLP DC-DC voltage
converters (FEAST) provide a customized voltage to the electronic compo-
nents. Each of these modules is a DC-DC converter, transforming the 8 V
provided by the LV supply cable attached to the patch panel, in a voltage in
the range 1 —2.55 V. The heat produced in the conversion is evacuated on the
top of the FEAST, through the cooling plate, thermally in contact by a drop
of non-conductive thermal paste applied on the top of each FEAST.
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The VFAT3 ASIC. The VFAT3 ASIC (Very Forward Atlas and Totem
ASIC) has been designed starting from the radiation tolerant module orig-
inally designed for detectors installed in the TOTEM experiment. In each
GE1/1 single chamber, there are 24 VFAT3 ASICs and their scheme is illus-
trated in Fig. [2.28] while a picture of the single chamber assembled with the
GEB, the 24 VFATs and the OptoHybrid board is given in Fig. [2.29 In this
last picture, the OpthoHybrid board is the large dark green board installed
in the middle of the chamber, while the 24 VFATs are the light green square
elements placed all over the chamber. The VFATs are labelled from 0 to 23
and each of them covers a readout sector corresponding to a fixed i¢ and n
sector, as shown in Fig. [2.30}

VFAT3
[ Ty B
Unit ——]
» —
SRAM1 SRAM2
Preamp Shaper CFD
128 channels T T T T
Control Logic + Data Formatter |
CBM Unit — [+ Comm
(Calibration, Bias & — Port
Monitoring) ADC Slow Control (Registers & logic)

Figure 2.28: Scheme of a VFAT3 ASIC installed on GE1/1 chambers. The
acronyms in the figure mean in order: Constant Fraction Discriminator
(CFD), Analogue to Digital Converter (ADC) and Static Random Access
Memory (SRAM) [64].

Each VFAT is equipped with 128 input channels, collecting the signal from
the readout strips of the corresponding readout sector. It can be programmed
to read both positive than negative input signals, that for each input channel
are elaborated by the circuit sketched in Fig.[2.28] starting with a preamplifier,
a shaper and a Constant Fraction Discriminator (CFD) in cascade. In this
last component, two main operations are performed:

o the identification of the arrival time of the signal, by a Zero Crossing
Comparator (ZCC);

« the comparison of the input signal with a threshold value (the threshold
is given by the sum of a global value and a per-channel adjustable value).
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Figure 2.29: GE1/1 single chamber equipped with the GEB, the 24 VFATs
and the OptoHybrid board, on the stand deputed to perform the electronics
quality control [65].

If a signal results higher than the set threshold, it is synchronised with the
40 MHz clock and a boolean is set to true, authorising the acquisition of the
digitised signal.

After this operation, the digital signal is routed in two different paths:
the data path and the trigger path. The first thing to mention is that they
have a different granularity: the data path exploits the whole granularity
provided by the strip segmentation, while the trigger path uses half of the
whole granularity.

In this path indeed a logical OR between neighbour strips is performed
producing output information consisting of 64 bits (1 bit per pair of strips),
called also s-bit. These s-bits are transferred every bunch-crossing, synchro-
nised with the LHC clock. The logical OR of two neighbouring strips is also
called pad.

In the data path, exploiting the whole detector granularity, the digitised
signals are stored in a buffer (SRAM1). In this buffer a fixed BX signal can be
hosted for a time corresponding to 1024 BXs, corresponding to 25.6 us, and
then overwritten with new data. In case an L1A trigger signal (L1 Accept)
arrives in this time range, the data are transferred to the next memory unit
SRAM2. In this operation, a timestamp is attached to the data.

The SRAM2 acts as a FIFO, storing the data waiting for the construction
of a package to deliver them off the chip to the next unit in the DAQ), the
OptoHybrid board.

In addition to these components, there are two additional units:

o the Slow Control Unit, enabling the communication to read and write
in a register the parameters to configure the chip;

o the CBM (Calibration, Bias and Monitoring) unit, involved in setting
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Figure 2.30: Mapping of VFATS on the covered readout sectors [65].

and fetching the setting parameters.

These VFAT setting parameters are stored in registers and are used to define
the threshold required on each channel, transforming the register value saved
in a bias voltage or in a current.

The CMB module is particularly important also to test the response of the
VFAT channels. This is done using an incorporated calibration module that
can send a voltage or current pulse, producing a signal similar to the input
one given by the readout strips.

Finally, in addition to the elements illustrated in the VFAT scheme, it
can be pointed out that two other important components are present on each

VFATS3 chip:

e a 470 resistor on each channel, to quench possible discharges reaching
the readout plane, protecting the channel from possible damages;

» a gold heat exchanger rectangle, placed on the top of the chip, to evacu-
ate the heat produced during the chip operation. This heat exchanger is
thermally coupled with the cooling plate using the same non-conductive
thermal paste used to thermally couple the FEASTS.

The Optohybrid board. Fig. 2.31] shows the OptoHybrid board OHv3c.
This component is the heart of the front-end electronics and performs two
main tasks:

« analyses and delivers the trigger hits to the GEM backend and to the
CSC Trigger Mother Board (TMB);

o transfers the data from the 24 VFATs to the GEM backend.
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Figure 2.31: The OptoHybrid board installed on a GE1/1 chamber, with its
main components highlighted [65].

In Fig. five components on the board are highlighted:

o one FPGA Xilinx Virtex-6, responsible for processing the trigger hits
and transferring them to the back-end;

o three GBTXv2 ASICs gigabit transceivers, responsible for transferring
the data from the VFATs to the backend. In addition, one of them is
also in charge of programming the FPGA and of the communication
with the slow control unit;

 the Giga-Bit Transceiver - Slow Control Adapter (GBT-SCA), respon-
sible for the slow control commands.

As for the other heating elements in the front-end electronics, these last
three components are thermally coupled with the cooling plate using a non-
conductive thermal paste, applied on the top of each of them.

2.3 The GE2/1 station

The GE2/1 station will be the second GEM station to be installed in CMS.
At the end of LS2, the installation of the first demonstrator chambers has
taken place, while the complete installation of the station is foreseen during
the Run 3 technical stops.
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The station will be placed in the second layer of detectors of the muon
system, starting from the interaction point, and in the first ring seen from
the beampipe. The covered pseudo-rapidity range will be 1.6 < |n| < 2.4,
as shown in Fig. [1.23] The structure of the station will be similar to that of
GE1/1, consisting of Super-Chambers with 2 detection layers each. The main
differences are:

« the angular coverage in ¢ of 20° per Super-Chamber (18 Super-Chambers
per endcap, 72 single chambers in total);

o the area covered by each chamber will be 1.45m?, while the total area
will cover 105m?, becoming the largest GEM station installed in CMS.

Similarly to GE1/1, the GE2/1 station will increase the redundancy in
the endcap muon system, providing two additional reconstructed hits and
bringing to 8 the total number of hits in the region covered also by GE1/1.
This is particularly important, since a higher number of hits along a muon
trajectory, allows to:

« improve the local trigger primitive object (stub) reconstruction efficiency,
as illustrated in Fig. [2.32;

o lower the L1 trigger rate in the region;

e lower the number of muons with a wrong p; estimation.

This improvement in the p; estimation is supported by the possibility of
measuring the A¢ bending angle formed by a muon crossing the stations
GE2/1 and ME2/1, similarly to what was done through the cooperation of
GE1/1 and ME1/1.

Furthermore, an important role in the p; estimation process is played also
by the lack of iron between the GEM and the CSC station, which reduces
the multiple scattering contribution and leads to a reduction in the number of
soft muons misidentified as harder muons, supporting a consequent reduction
in the L1 trigger rate.

Turning to the design of the chamber, as for GE1/1 chambers the 3/1/2/1
mm spacing has been adopted. The readout plane employs strips with a
variable pitch, from 0.5 mm (closer to the beampipe) to 1.2mm (farther from
the beampipe). As for GE1/1, the strips are read in groups of 128, but in
this case by 12 VFATS per each sector, as illustrated in Fig. The signals
elaborated by the VFATs are then routed and processed by an OptoHybrid
board per each of the 4 main sectors.

2.4 The MEO station

MEO will be the third GEM station to be installed in CMS (foreseen during
LS3) and it will be installed in the space left empty behind HGCAL, after
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Figure 2.32: Reconstruction efficiency, as a function of 1, of the local trigger
primitive object, called stub, in a scenario with PU = 140 and /s = 14 TeV.
In red the performance offered by the detectors installed in CMS till the end
of Run 2, while in blue the improvements offered by the installation of the
GE2/1 station [46].

the installation of this new version of the endcap hadron calorimeter. It will
cover the pseudorapidity range 2.0 < |n| < 2.8 and will consist of 18 modules
per endcap with a ¢ coverage of 20° per module. Each module will consist of
6 GEM detector layers.

As for the other GEM stations, the readout plane is segmented into sectors
with 128 strips, read by a dedicated front-end electronics component. The
MEQO design consists of 8 partitions in the longitudinal side of the chamber
(also called n-partitions), and 3 in the ¢ direction, for a total number of 24
readout sectors per chamber.

As for the other GEM stations, the MEO station will allow to increase
the number of hits per track and to improve the p; estimation, but will also
increase the coverage of the muon system making possible to perform a better
investigation of channels with many muons in the final state, exploiting also
the forward ones.

The advantages and innovations introduced by the installation of the MEQ
station are:

 the introduction of 6 additional hits useful for the reconstruction of a
muon, reducing the L1 trigger rate for muons reconstructed also by other
stations of the muon system;

« part of the 7 range of MEO does not overlap with that of GE1/1 (2.18 <
In| < 2.40) and in this region MEQO performs the second measurement
of the muon bending (the first one in this 7 region is that performed by
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Figure 2.33: Scheme of the readout plane of GE21: the 4 radial sectors are
labelled as M1-M4, and each of them is divided in 12 sectors with 128 strips

each [75].

the cooperation of GE2/1 and ME2/1 stations). The six GEM layers of
MEO allow indeed to build a segment laying entirely in this station, not
requiring cooperation with a nearby station.

o« MEO will increase the coverage of the muon system from n = 2.4 to
n = 2.8, providing a muon station covering part of the upgraded tracker.

One of the main challenges for the MEO station is the high background
radiation in the region, requiring a deeper R & D in terms of radiation hardness
and rate capability of the detector. As illustrated in Fig. 2.34] it is much
higher than the background sustained by the other 2 GEM stations. This
high background can affect also the production of the MEQ segments, since a
background hit could be used in its building process, assigning a softer p; to
a high p, muon. This effect worsens with the increase of 7, as illustrated in

Fig. 235

2.4.1 Impact on physics in the forward region

The strongest motivation leading to the installation of the MEO station, as well
as the other GEM stations, is the impact on the detection of physics channels
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Figure 2.34: Estimation of the background hit rate provided by neutrons,
photons, electrons and positrons on the three GEM stations planned to be
installed in CMS. [46].

with multi-muon production in the forward region. The MEOQ station alone
would indeed lead to an increase in the muon acceptance of 10-20%.
In this context, two main channels were investigated:

o the H — ZZ* — 4u decay,

e the 7 — 3p decay.

The H — ZZ* — 4u decay. Fig. shows the distribution of signal
events (H — ZZ* — 4p) and irreducible background events (ZZ — 4p) using
a CMS geometry with the tracking, calorimetry and muon systems extended
up to |n| = 4.0. It can be noticed in particular that a great part of the signal
events lay outside of the CMS acceptance at the end of Run 1 (vertical dashed
lines).

More recent studies focused on the MEOQ station highlighted that 15% of
the signal muons lay in its acceptance, with an 8% fraction falling in the region
2.4 < |n|] < 2.8. In addition, the signal muons in this region are characterised
by a low p;, and this makes challenging to distinguish the signal muons from
the pileup ones.

The 7 — 3p decay. The second process considered is the 7 — 3u de-
cay channel: this channel is one of the cleanest decays involving the Lepton
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Figure 2.35: Reconstruction efficiency of MEO muons. In blue are represented
the Tight MEOMuons, selected requiring the presence of a MEO segment with
A¢ < 0.15 with respect to the direction of the tracker track, while in red the
Loose MEOMuons (A¢ < 0.50) [43].

Flavour Violation (LFV) and is characterised by an extremely low branching
ratio predicted by the Standard Model (B(7 — 3u) ~ 107%). Some models
involving physics Beyond the Standard Model (BSM), raise this branching
ratio of many orders of magnitude (B(t — 3u) ~ 107'%-1078), reaching a
potentially accessible event statistic. The muons composing this signal are in
particular characterised by a soft p; and most of the reconstructable muons
are found in a forward collimated cone, having challenges in signal-background
discrimination similar to those of the H — ZZ* — 4u channel. Recent stud-
ies pointed out that an increase in the acceptance of the muon system up to
In| ~ 3 would lead to an increase of its signal acceptance by a factor of 2.9.
The 7 — 3u decay will be in particular described more in detail in the last
chapter of this thesis, with the description of a dedicated trigger study.
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Figure 2.36: H — ZZ* — 4 channel: 7 distribution of the highest-|7|
muon among the 4 produced in the decay. The events represented in the
distribution are given by a selection that was produced using a CMS geometry
with tracking, calorimeter and muon systems extended to || = 4.0. The signal
events H — ZZ* — 4pu and the irreducible background events ZZ — 4u are
respectively indicated with empty and solid red. The dashed lines correspond
to the acceptance of CMS at the end of Run 1 [76].
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Chapter

GE1/1 quality control and
commissioning

In this chapter I will focus on the activities I have carried out during my PhD
in the quality control of GE1/1 detector and in particular in the monitoring of
the HV and LV systems, both at the assembly site and at the CMS experiment
site.

3.1 Production and quality control of GE1/1
chambers

The schedule for the production of a GE1/1 Super-Chamber involves many
steps and Quality Controls (QC). Since the total number of GE1/1 chambers
is 144 and due to the fact that many checks are needed to produce a correctly
operating detector, to speed up the production the effort is shared among
many production sites in the world:

 National Center for Physics (Pakistan) - Pakistan;

 National Institute of Nuclear Physics (INFN), Section of Bari, and Bari
University (Italy);

o INFN;, Section of Frascati National Laboratories (Italy);
« Florida Institute of Technology (USA);
« Ghent University (Belgium);

o Bhabha Atomic Research Center, Delhi University and Panjab Univer-
sity (India);

« CERN GEM production site (France).
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Figure 3.1: Schedule for the production of a GE1/1 Super-Chamber, from the
material inspection to the final validation: the components and the GEM foils
are firstly inspected at CERN and then shipped to the production sites, to
ensure they use good quality components in the production. At the production
sites, as well as at CERN, quality controls up to QC5 are performed, before
shipping the detectors back to CERN, where the last quality controls are

performed [77].

The procedure for the production of a GE1/1 Super-Chamber is sketched
in Fig[3.1 and here briefly summarised. The single steps will be illustrated
in more detail in the next paragraphs:

QC1: material inspection;

QC2: test of the GEM foils;

assembly of a single chamber;

QC2: new test on the GEM foils;

QC3: gas leak test;

QC4: HV test;
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Process Estimated time

QC1 2 days
QC2 + assembly 2 days

QC3 1 day
QC4 1 day
QCH 1-2 days
QC6 Performed until single chamber is coupled
QCT7 2 days

Coupling 20 minutes
QCS8 1-2 weeks

Table 3.1: Estimated time for each main step in the production of a GE1/1
Super-Chamber.

o QC5: Gas gain calibration;

o QC6: HV stability test

o QCT: Electronics connectivity test;

« coupling of 2 single chambers in a Super-Chamber;

o QCS8: cosmic test;

In Tab. an indicative time required by each of the steps in the production
is pointed out.

3.1.1 QCI1: the material inspection

The first operation to start the production of a GE1/1 chamber is the most

fundamental one: the inspection of every component needed for its assembly.

This operation is performed at CERN and is fundamental to save time that

would be lost in substituting it after a defect has been spotted by some QC.
The QC1 procedure consists in:

« a visual inspection, to check for cracks or major defects in the compo-
nents;

o cleaning of the components;

o measurement of the sizes of the components to ensure they respect the
design requirements: for example is fundamental a correct size of the
O-rings which ensure the chamber gas tightness;

o connectivity test of the strips of the readout board, used to check for
shorts between the readout strips and the continuity of the strips.
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3.1.2 QC2: the leakage current test

When a chamber is operated, a high voltage is applied to the top and bottom
surfaces of the GEM foils. Inside of the GEM holes, the surface of the foil
is exposed to the air (or gas mixture during the operation); this external
surface can represent a lower resistance path, with a so-called leakage current
flowing on it. Defects in the manufacturing of the foils (small drops of copper
coming out of the foil and ending inside the hole, dust deposition or any kind
of pollution) can ease the current flowing in this path, increasing the leakage
current observed at a fixed voltage, as sketched in Fig.[3.2 Also, humidity and
temperature can influence the measurement, requiring continuous monitoring
of these quantities. The amount of the leakage current represents in this
way an indicator of the quality and of the health of the GEM foil. Since the
deposition of dust could happen at any moment and to be sure that the foils in
a stack are not damaged, the QC2 test has so to be performed before installing
the foils in a chamber and also after completing the chamber assembly. To
avoid additional deposition of dust on the foils, this test must take place in a
clean room.

Low resistance path over
the surface of insulator

oé&

600 v

SURFACE DUST

KAPTON DEFECT
7
DEPOSITS

Figure 3.2: Scheme of a GEM foil, with defects and deposits which could
increase its leakage current [19)].

The QC2 can be performed in different ways and moments:

o QC2 fast test: a Multi Mega-ohmmeter, also called MEGGER is used
to apply a potential difference of 550 V between the top and bottom
surface, for 10 minutes. The leakage current, and so the impedance, and
the number of sparks produced are measured. The test is performed in
the air inside the clean room; it is considered passed if the impedance of
the foil is higher than 10 G2 and the number of sparks in the last three
minutes of test is lower than 2. If the sparks created during the test,
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produced any relevant damage to the foils this should indeed reflect on
the impedance and in the spark rate.

o QC2 long test: the test is performed inside a clean room, with the foil
placed inside a box filled with nitrogen, fluxing at 501/h, to lower the
humidity level below 7%. As for the fast test, a high voltage is applied to
the two foil faces, but in this case using a programmable power supply.
The test is passed if, with an applied voltage of 600 V, a leakage current
of ~ 3nA and less than 3 sparks have been registered in the last 6 hours
of operation.

o QC2 after assembly: this test is performed in air outside the clean room
to ensure that potential amounts of dust produced during the assembly
have not affected the operation of the foil. This test is similar to the
QC2 fast test, but in this case 550V are applied, one pair at a time,
both to the two faces of a foil and to the electrodes creating an electric
field in the gaps. The test is passed if the impedance of foils and gaps
are respectively higher than 10 GQ2 and 100 Gf2, and if the number of
sparks counted in the last ten minutes of testing is zero. If the test is
not passed, the chamber has to be opened in the clean room to identify
and fix the problem.

o QC2 fast in dry gas: this test is performed before the mounting of the
HV distribution circuit, but used also as the leading step of investigation
for chambers with suspicious operating conditions. Before performing
the test the chamber has to be flushed with pure C'O, for at least 5 hours
to evacuate any trace of humidity deposited on the foils. Performing the
test in pure C'Oy is also fundamental to prevent damages on the readout
plane from a propagating discharge; the CO, acts indeed as a quencher
in the standard GEM gas mixture. After this preliminary phase the
same procedure used for the QC2 fast post assembly test is performed
and in this case the impedances of foils and gaps have to be higher than

20 G2 and 100 GS2.

3.1.3 The assembly

The assembly is performed at the production sites and at CERN. It has to
take place in a clean room, to avoid the deposition of dust and other kinds
of pollutants on the foils. In this phase the drift board, the three GEM foils
and the readout board are fixed to the frames, providing a solid structure
to the detector. At the end of the assembly procedure, the chamber can be
kept outside of the clean room, paying attention to putting a plug on the
gas inlet and outlet, to minimise the amount of pollution from the external
environment.
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3.1.4 QC3: the gas leak test

Once a chamber has been assembled and has passed the QC2 test after assem-
bly, it is delivered to QC3, a test designed to spot and measure the amount
of gas leakage on a GE1/1 chamber.

The test is performed by flushing pure C'O, in the detector. An overpres-
sure of 25 mBar inside the detector is provided by closing the gas output valve.
Once this condition is reached, also the input valve is closed and a measure-
ment of the internal overpressure starts. At the same time, the environmental
conditions (pressure and temperature) are continuously monitored, to be sure
to estimate correctly the internal overpressure.

The internal overpressure will decrease exponentially in time following the
law

P(t) = Pye ", (3.1)

where Py is the internal overpressure at time ¢t = 0 and 7 is a gas leak time
constant, quantifying how fast is the overpressure decrease. The test is passed
if the internal overpressure drop is lower than 7 mBar/hour.

3.1.5 QC4: HV test in CO,

The QC4 test is performed flushing the detector with pure CO,, with a flux
rate of 51/h. The aim of the test is:

« identify any possible defect present in the HV circuit, measuring the I-V
curve;

e measure the intrinsic noise rate.

During the test, the HV is distributed to the single electrodes, by a power
supply with a resistive divider, illustrated in Fig. To measure the -V
curve the voltage is varied from 0V to 3.0kV by 200V steps and then up
to 4.9kV by 100V steps. From the curve, the resistance Rcqsureq 1S then
calculated and a comparison is made with the expected resistance Regzpected-
This first step of the test is passed if the percentage difference between the
resistances is lower than 2%

Rmeasure - Re:c ecte
| a pected] (g0 (3.2)

Rexpected

To determine the intrinsic noise rate a dedicated setup is used, sketched
in Fig. It receives the signal produced on the bottom of the third GEM
foil and counts the number of signals registered in 1 minute of operation at a
fixed HV value. This procedure is repeated for the same voltage values used
in the I-V curve scan. The test is passed if the noise rate at 4.9kV is below
0.02 Hz/cm?.
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Figure 3.3: Scheme of the resistive divider used during the QC tests. On
the right are indicated the channels corresponding to each connection: D for
Drift, 1T, 2T and 3T for the top face of the three foils, 1B, 2B, 3B for the
bottom face [19].

3.1.6 QC5: Gas gain and uniformity response measure-
ment

The QC5 test consists of two steps:

o the measurement of the effective gas gain given by the detector at a
fixed voltage applied through a resistive divider;

o the measurement of the response uniformity.

An X-ray gun emitting 22 — 25keV photons is used in this phase and
the detector is placed inside a copper box for the containment of radiation
and flushed with the nominal mixture Ar/CO, (70/30%) at 51/h. When the
photons delivered by the X-ray gun hit the copper layer of the drift board,
they are absorbed by the copper, which de-excites emitting 8.03 keV photons.
This C'u fluorescence will be absorbed into the detector gas medium, emitting
electrons. These electrons, called primary electrons, will be multiplied by the
three GEM foils and produce a signal on the readout strips.

3.1.6.1 Effective gas gain measurement

The effective gas gain (G) of the detector is measured according to the relation

I,

G—_ "%
R-n.-e

(3.3)
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Figure 3.4: Scheme of the setup used for the noise rate measurement in QC4
[19].

where I, is the current produced by the multiplication electrons on the anode,

R the interaction rate of photons, n. the number of primary electrons and e

the charge of the electron. The gain measurement is performed always on

the sector (in,i¢) = (4,2) (Fig. 2.30), applying in sequence voltage values

equivalent to a divider current from 550 A to 700 A, in steps of 10 pA.
The number of primary electrons is estimated by the relation

o fAT f6’02
ne = £, (Wi(Ar) * Wi(002)> ’ (34)

where

o E, = 8.03keV is the energy of photons converting inside of the gas
medium;

o W; are the work functions for Ar and CO,y : W;(Ar) = 26eV, W;(Ar) =
33 eV,

« on the fractions’ numerators there are the concentrations of the gases in
the mixture, respectively fa, = 0.70 and fco, = 0.30.

The amplified current I, produced on the strips of the readout sector is
measured by a pico-ammeter, while the interaction rate of photons is measured
using a dedicated experimental setup sketched in Fig. 3.5 which counts the
number of signals produced on the readout strips in a time interval of 60
seconds. To perform a correct measurement of R and I,, the counts and
currents observed in the same time conditions, but with the X-ray gun off,
are used to perform a background subtraction.

A typical value of gain for a GE1/1 detector at a divider current of 700 uA
is 3.5 - 10%, while in Fig. are illustrated some results for a short chamber.

3.1.6.2 Gas gain uniformity

To have a complete vision of the gas gain all over the detector the procedure
described before cannot be used, since it would be too time consuming.

88



3.1. Production and quality control of GE1/1 chambers

Pre-amplifier Amplifier Shaper Linear faninfout Discriminator Dual timer Scaler

o NG AN N -
1> . )cmn

50 k) ORTEC 142PC ORTEC 474

=l

SCOPE

=

Figure 3.5: Scheme of the setup used for the effective gas gain measurement
in QC5 [19].

The strategy adopted was then to irradiate the whole detector with an X-
ray gun and reading the signals produced on every strip. Also in this case the
test is performed inside the copper box, flushing the detector with the Ar/CO,
(70/30%) gas mixture with a flux rate of 51/h, and the HV is still distributed
through a resistive divider. To avoid saturating the electronics with readout
signals, making it impossible to notice differences in gain between nearby
regions in the detector, it has been chosen to operate the chamber at a low
gain (~ 600).

During the analysis of the data, the collected charge of each cluster of
strips producing a signal is used to create a uniformity map. This map is
used to calculate the average effective gas gain over the whole detector and
its standard deviation. More details can be found in [19].

3.1.7 QC6: HV stability test

After having passed the QC5 test, the chambers are delivered to CERN for
the final validation steps; during the transport the chambers could get me-
chanically stressed and some dust could move inside. As previously said, the
moving dust could affect the behaviour of the foils in terms of HV stability
and thus a new quality control test is performed on the HV system, called
QC6.

This test is performed in pure CO, and consists of several steps:

o measurement of the impedance of each foil with a MEGGER: the step
is passed if the impedance in one minute is higher than 10 G for each
of them;

« measurement of the [-V curve for each of the HV electrodes (foils, trans-
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Figure 3.6: (a) Anodic current I, and photon interaction rate R; (b) effective
gas gain as a function of the HV equivalent divider current Igyiqer, corrected
by a normalisation factor, which contains the pressure and temperature of
the production site P and 7" where QC5 has been performed, and the mean
values of pressure and temperature present in the CMS experimental cavern
Py and Tj. This provides a common reference for chambers tested in different
production sites, with different environmental condition [7§].

fer regions, induction and drift gaps) using a multichannel power supply
with an A1515TG board, to spot any possible defect in the T-filter cir-
cuits or in the distribution from the filter box to the HV sectors, such
as faulty soldering. In this procedure, the electrodes are ramped up
together, from 200V to 4600V of equivalent-divider voltage;

» evaluate the stability of each of the foils.

To perform this last evaluation, a voltage of 580 V with a current threshold
Iy = 2 A is applied to one foil at a time. This limit defines the current at
which the voltage is turned off to protect the detector. An event where the
current exceeds the threshold of a channel, with a consequent turn off of its
feeding voltage, is called a trip. This last step in the QC6 is passed if the trip
rate is lower than 1trip/hour. To obtain this result the test could last many
hours, in order to evacuate all the contaminants that could deposit on the
foils.

The contaminants indeed can create a conductive channel inside a GEM
hole, which remains until these pollutants are not removed. In the case of
dust, it can be vaporised (burned) applying a voltage difference for a long
time or applying a potential difference with the MEGGER. In the worst case,
the deposition, for example, a drop of copper melted during a discharge and
deposited inside of the hole, can create a permanent short between the top
and the bottom copper layer of the foil. In this case, the voltage applied to
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the sector of the foil containing the short drops to 0, and so its gain. At the
same time the channel of the power supply which feeds the foil starts to drain
a higher current and the voltage applied to the other sectors decreases, since
a fraction of the power supply voltage will fall on the filter resistors.

HV Filter

200 k) 10k0 _I—limukn }— HY
I

HV Filter

200k H 10k0 _|—|imﬂm = HV
I

GEM Bottom

Figure 3.7: Scheme of the HV circuit used to power each GEM foil in a GE1/1
detector [80)].
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Figure 3.8: Equivalent circuit of a GEM foil with an HV sector with a short
in a GE1/1 detector.

To better understand this, in Fig. the scheme of the HV circuit power-
ing a single GEM foil is represented, while Fig.|3.8/shows the equivalent circuit
for a foil with a short. In case of no short the current drained by the channel
of the power supply is ideally 0, practically < 2 pA due to the leakage current
across the foil. If a short is created in an HV sector, the current drained by the
power supply, for example if the power supply provides a potential difference
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AV =400V, becomes

;o AV _ 400V
T 620k + 10MQ 10.62 MQ

= 37.7 A. (3.5)

In general for a number of sectors with a short in the same foil Ny, the
current drained by the power supply will be

AV

Imon = . .
620 kQ + 10 M/ Nopors (36)

The short will affect also the other HV sectors of the foil, showing a drop
in the applied voltage. With the circuit closed on the short in an HV sector,
a current I,,,, starts to flow in the filter resistors and this translated in a
potential difference falling on the top and bottom-side filters equal to

AVjitger = 620k - Iyon. (3.7)

Still referring to the AV = 400V, the voltage applied on the foil, in case
of one sector with a short, would be 24V (6%) lower, translating in a drop in
the gain provided by the whole foil. This can be restored by increasing the
voltage provided by the power supply, with a consequent increase also in the
monitored current I,,,,.

This solution cannot be implemented anyway if the HV supply cable is
feeding two chambers and only one of the two is problematic, since an increase
in the provided voltage would translate in an increase of the voltage also for
the non problematic one. Before applying this solution, the HV cable feeding
the layer with the short should be decoupled by the healthy one and powered
with a different HV board.

3.1.8 QCT7: electronics test

After performing the QC6 test, the chambers are equipped with the electronic
components: the GEB, 24 VFATs, 9 FEASTs and the OptoHybrid board.
The task of verifying all their correct operation is assigned to the QC7 quality
control, which is the main quality control I have been involved in during the
validation of GE1/1 detectors.

The main objectives of QC7 are:

o determine the optimal configuration of the VFAT in terms of the global
charge threshold level;

o determine if there is any issue with the electronics (dead channels, dis-
connections).
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3.1.8.1 Two chamber equipment phases in QC7
The QCT test is performed 2 times before declaring validated the chamber:

« without the cooling plate: in this phase, the chamber is equipped only
with the electronics and the cooling of the electronics components is en-
sured applying heat sinks on each of them, coupled with the component
thanks to a thermal pad with a drop of non-conductive thermal paste
and by a fan placed above the chamber to evacuate the heat as fast as

possible (Fig. ;

« with the cooling plate and the chimney of the chamber, which has a foil
of Kapton applied on its inner side to ensure the electrical insulation
between the chimney and the cooling plate.

Figure 3.9: GE1/1 chamber on the QC7 stand, equipped only with the elec-
tronics. The evacuation of the heat from FEASTs and the OptoHybrid is
granted by heat sinks and a fan placed above the chamber [81].

The adopted procedure is the same in both cases. The test is simply re-
peated to ensure that the electronics is working properly in both the chamber
equipment configurations, verifying for example if the application of the cool-
ing plate has altered the noise level of the VFATSs or if any of them has been
partially unplugged. In such a case the chimney and the cooling plate have
to be removed and QCT has to be repeated from scratch.

3.1.8.2 Procedure in QC7

As it will be illustrated in the following paragraphs, the procedure followed in
QCT is:

e connectivity test;
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o first s-curve scan;

e s-bit scan;

« second s-curve scan;
e threshold scan.

This procedure is repeated in both of the chamber equipment configurations.

Preparation for the test. In this phase, the chamber is positioned on the
stand where:

« the back-end fibers (trigger and data path) are connected on the chamber
patch panel;

e the LV cable is connected and 8 V are provided with a portable power
supply. If the chamber is properly working, the current drained by the
power supply at the power up is ~ 1.75 A;

« if the cooling plate has not yet been installed, heat sinks are positioned
on FEASTS, on Giga-Bit Transceivers (GBTs) and on the FPGA, and
the fan over the chamber is activated. Otherwise, the flux of cooling
water inside of the cooling pipe is activated.

Connectivity test. The procedure starts with the verification of the com-
munication between the front-end electronics (VFAT chips and OpthoHybrid
board), followed by the calibration of the VFAT Digital to Analogue Convert-
ers (ADCs), to determine the correspondence between a DAC threshold value
and an applied bias voltage.

As previously illustrated a VFAT chip is basically a comparator returning
a logic 1, if the input signal is higher than a certain threshold, and a logic 0
otherwise. This threshold, common to all the 128 channels of the VFAT, is
written in a register called CFG_THR_ARM and is set by a DAC, with a
resolution given by an 8-bit number (0-255 in decimal). Setting this threshold
to a fixed value will determine in this way the amplitude required to the input
signal to pass the selection performed by the VFAT and thus its noise rate.

Having this in mind, the QC7 procedure continues, performing two main
tasks: to measure the noise rate of each VFAT installed on the chamber and to
analyse the response efficiency of the VFAT to signals of different intensities.

First s-curve scan. Observing the response of the VFAT channels to fixed
charge input signals is one of the most fundamental tasks that can be carried
out on VFAT channels to understand their operation. This procedure is called
s-curve scan and consists of sending 100 pulses for each charge value that can
be delivered by the internal VFAT pulse generator. Ideally, if a threshold value
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CFG_ THR ARM has been set on the VFAT all the channels should start to
give a logical one over a certain charge value, resulting in a step response. In
practice two uncertainty components are present in the system:

« the channel shows differences in manufacturing, due to variation in char-
acteristics of the components connected to them (for example in the
resistors and transistors);

» the contribution of the intrinsic noise of the circuital system, consisting
in the noise collected by the strips, the noise sensed by the connections
between the strips and the readout electronics and the noise given by
the electronics itself (the VFAT chip).

This additional level of complexity smears the ideal step response in a
sigmoid response: this shape is given by the convolution of the step with
a Gaussian noise. Here the threshold charge value of the step is defined
by searching the value of charge corresponding to a 50% efficiency response,
while the standard deviation of the gaussian will give an indication of the
importance of the contribution of the noise in the response. The standard
deviation is called Equivalent Noise Charge (ENC), as illustrated in Fig. [3.10]
Since the noise affects all the channels and cannot be eliminated, observing
a too low ENC in some of the channels is the symptom that the channel
is not correctly responding, maybe due to a disconnection from the readout
strips, as illustrated in Fig. [3.11} In this figure also dead channels appear,
represented as vertical white lines, meaning 0 efficiency for every charge of
the input signal.

The first s-curve scan performed in QC7 is executed applying a value of
CFG_THR ARM = 100, to have a first indication on the response of the
VFAT channels in terms of noise and to identify if the chamber has any dead
or non-communicating channels in the VFATs. The test is passed if less than
three dead/non-responding channels are identified in the same detector 7-
partition, otherwise, the test is not passed and it should be repeated after
trying to fix the spotted issue. Usually, a first attempt consists in re-plugging
the problematic VFAT after cleaning the connector with ethanol, to ensure
that the bad connection is not due to some kind of deposition on the connector.
If the s-curve still shows the same issue, the solution is to replace the VFAT
with a healthy one. A typical s-curve taken at CFG_THR_ARM = 100 is
shown in Fig. [3.12h, representing a VFAT behaviour of a particular chamber.
This s-curve was in particular taken with the cooling and chimney already
installed, in the last step of QC7 validation.

S-bit rate scan. This phase has the objective of fixing the global threshold
of the VFAT to limit the noise signals accepted by the front-end electronics.
Taking into account that during their operation in CMS in the HL-LHC phase,
the GE1/1 detectors will experience a maximum total hit rate ~ 1.5 kHz/cm?,
a limit noise value of 100 Hz has been established for each of the VFAT.
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Figure 3.10: Scheme of the response efficiency of a VFAT channel to an input
charge signal in presence of noise. In blue is represented the s-curve response,
given by the step response smeared by the white noise and in green the charge
threshold value of the response (50% efficiency). In red is represented the noise
with its standard deviation, the ENC.

The procedure to determine for a given VFAT the CFG_THR__ARM value
corresponding to the 100 Hz noise threshold, consists in counting for 1 second
the number of trigger hits produced in the VFAT readout sector at a fixed
CFG_THR__ARM value. The trigger hits are given by the logical OR among
the 64 s-bits (VFAT half granularity datapath). This counting operation
is repeated for each of the 256 values of CFG_THR ARM register. From
this information, the noise trigger hit rate vs VFAT threshold curve is built,
illustrated in Fig. [3.13h.

From this curve the VFAT threshold is extracted, expressed in DAC units,
corresponding to a noise hit rate equal to 100 Hz. This curve shows an ini-
tial plateau given by the saturation of the electronics for low values of DAC
threshold, and then a gradual fall for increasing DAC threshold values. If
the curve does not follow this behaviour is usually a symptom of an issue
in the VFAT connection or of the presence of faulty channels. An example
of this situation is represented in Fig. [3.13p, where the s-bit rate curve for
the VFAT 5 of chamber GE11-X-S-FIT-0004 in July 2020 is reported, when
already installed in the CMS detector. Due to this issue, GE11-X-S-FIT-0004
was extracted from CMS and returned to QC7 to fix the issue. The behaviour
shown by VFAT 5 is called broken s-bit line and results usually from a faulty
connection of the VFAT to the Panasonic connector on the readout board
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Figure 3.11: S-curve of chamber GE+1/1/09 of the positive endcap in the
CMS experiment. This chamber shows dead channels in VFAT 23 (vertical
white lines) and channels with a low ENC (too narrow colour change with
respect to the other channels), for example near channel 17 or 128.

or of the OptoHybrid board to the SAMTEC connector on the GEB, and
can usually be fixed by re-plugging the electronic components. Before the
re-plugging of the VFAT, the Panasonic connector is cleaned with ethanol,
to ensure that the problem is not caused by any kind of deposition on the
connector. Instead, if the issue lays on the SAMTEC connector, for example
a damage causing an unplugging of part of the OptoHybrid board, the main
solution is the replacement of the GEB.

Second s-curve scan. After the threshold DAC value corresponding to
100 Hz noise has been determined for each VFAT installed on the chamber,
these thresholds are used to configure the VFATs and then a new s-curve scan
is performed.

This second scan produces new s-curve plots for each of the 24 VFATs and
also in this case verification of the correct response from all the channels is
performed, as well as the measure of their noise level. The requirements to
pass this validation step are:

o the average value of the ENC of all the channels of a single VFAT has
to be lower than 0.7 {C;
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Figure 3.12: S-curves of VFAT 16 of chamber GE11-X-L-CERN-0007,
equipped with the cooling plate and the chimney. On the left the s-curve
taken at CFG_THR_ARM = 100, while on the right that taken after ap-
plying the 100 Hz noise threshold value [82].

» the average ENC of single channels has to be lower than 1.5 fC, otherwise
the channel is masked;

« no more than three masked channels are accepted in the same n-partition.

If these conditions are not satisfied, the QC7 test has to be repeated replacing
the VFATSs which don’t fulfil the test requirements. An example of summary
plot for ENC values is shown in Fig. [3.14b. The choice of these particular
charge values to accept or refuse the test is dictated by the amplitude of the
intrinsic noise and by the room offered by the bias voltage to adjust the global
and per channel VFAT thresholds, and illustrated more in detail in [65].

Fig. shows a summary of the charge threshold values obtained from
the VFAT channels after applying the 100 Hz DAC threshold. It can be ob-
served in particular as the threshold increases going from the narrow (VFAT
0, 8 and 16) to the wide side (VFAT 7, 15 and 23 ) of the chamber (VFAT
numbering scheme in Fig. . This is due to the area covered by the strips,
which have always the same radial angular spacing, reflecting thus in a greater
area for the lower 1 readout sectors. The strip area indeed increases the strip
intrinsic capacitance and this reflects in a higher noise collection.

Threshold scan. The final step in the QC7 validation consists in perform-
ing a scan of the VFAT threshold DAC value per each readout channel. This
scan is designed to verify if all the VFAT channels are properly connected to
the readout board. In case of a channel faulty connection, the VFAT chan-
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Figure 3.13: S-bit rate curves: (a) curve taken for VFAT 16 of chamber GE11-
X-L-CERN-0007, already equipped with the cooling plate and the chimney
[82]; (b) broken s-bit curve for VFAT 5 of chamber GE11-X-S-FIT-0004. This
chamber was already installed in the CMS experiment and was re-extracted
and sent back to QCT7 to fix this issue. The broken s-bit line in this chamber
has been fixed by re-plugging the OptoHybrid board and the VFAT [83].

nel does not collect nor the noise signals coming, resulting in a low DAC
threshold setting. To fix this issue it is enough to re-plug the VFAT, which
requires removing the cooling plate and the chimney if the chamber is in its
final equipment configuration. A VFAT showing this behaviour is illustrated
in Fig. in chamber GE11-X-L-CERN-0043.

Current monitoring during QC7. During QC7 all the performed oper-
ations require a different power consumption, and this in particular increases
if there is an issue with some VFATs. In case of normal operation three main
current levels can be highlighted, as illustrated in Fig. [3.16f

« VFATSs standby mode at the chamber power up (1.75 A),

« VFATS toggled to run mode (2.85A),

« scan mode (3.50 A).

After passing all these steps, and repeating the QC7 quality control both
with and without the cooling plate and the chimney, the chamber can be
released from the QC7 stand and moves to the final quality control step.
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Figure 3.14: Summary plots for VFATs in chamber GE11-X-L-CERN-0007:
(a) the box plot of the charge threshold values of all the channels of the
VFAT; (b) the ENC values [82]. The summary is made using a standard box
plot, including in the yellow box a fraction of values from the first quartile to
the third quartile (25%-75%); the median is represented by the central box
horizontal line and the distribution mean with a small circle [84].

3.1.9 Chamber coupling

After passing QC7, two chambers with similar gain are parallelly coupled
using aluminium holders. This choice is due to the design of the GEM HV
system in CMS, feeding both the layers of a Super-Chamber with the same HV
board channels. Since the voltage applied to the electrodes of both layers is
the same, the chambers are required to have a similar gain, to provide similar
behaviour.

3.1.10 QCS8: cosmic test

The last step in chamber validation is performed in a cosmic ray stand, set up
at the GEM lab at 904 building at CERN. This installation will be described
in the next paragraphs and has the aim of

o check if all the chambers and their supplying services and components
are operating correctly;

o study the detection efficiency of the chamber;
o study the tracking throughput offered by the chambers;

o study the mid-term stability of the chambers, regarding the HV system
(GEM foils in particular) and the electronic components, supplied by
the LV system (O(2 weeks)).

To pass the QCS8 quality control, a Super-Chamber is required to show an
average detection efficiency higher than 95% in both of its layers.
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Figure 3.15: VFAT DAC threshold scan for VFAT 12 of chamber GE11-X-L-
CERN-0043. The low threshold for channels in the right part of the plot is
given by the partial unplugging of the VFAT: the absence of connection among
the chip and the strips reduces the capacitance of the readout channel and in
this way its collection of noise signals, resulting in a very low and unrealistic
DAC threshold for the unplugged channels [85].

3.1.10.1 The experimental setup of the QCS8 cosmic stand

The cosmic stand is a 200 x 200 x 200 cm? installation, built with aluminium
profiles. An illustration of its structure is provided in Fig.[3.17, while a picture
of the stand equipped with some Super-Chambers is provided in Fig. [3.18|
The stand is composed of 7 shelves, with the top and bottom ones occupied
by large area plastic scintillators used to trigger on the muons crossing the
stand: the scintillators organised on the same shelf are put in a logic OR, while
a logic AND is done between the scintillators placed on the roof and at the
base of the stand. Due to the detection efficiencies and area of the scintillators,
the global trigger rate provided by this logic AND is 96.42 + 0.05 Hz; this last
value is estimated from a typical run, lasting ~ 9h. In the other five shelves
the Super-Chambers are hosted, 3 per shelf in parallel columns, numbered as
illustrated in Fig. the naming convention adopted for Super-Chambers
includes, the number of the shelf row and the number of the column. To
identify a specific layer of the Super-Chamber, the suffix Top or Bot is added,
identifying respectively the layer of the Super-Chamber placed in the higher
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Figure 3.16: Current plot showing the current drained by the power supply
at 8V during the operation on the QC7 stand. [81].

or lower position in the stand.
The supply lines and controls of the services have been installed on the
stand sides.

The cooling system. The cooling system supplies the stand with a cooling
line for each Super-Chamber (15), while two other lines are dedicated to the
cooling of the chambers installed on the QC7 stands. The pipes supply cool
water at a temperature of 16 °C and with a pressure lower than the environ-
mental one, differently from the CMS site, where pressurized water at 9 bar is
supplied. This lower pressurization is used to avoid spreads of water in case
of leaks in the cooling pipes connections: in such a case the water is simply
sucked by the cooling system.

The gas system. The gas system in the QCS8 stand supplies each Super-
Chamber with a dedicated gas line, connecting the Super-Chamber layers with
a plastic pipe. This differs from the configuration in P5 where six adjacent
single chambers, each belonging to Layer 1 or Layer 2, are supplied in sequence
by the same supply line. The gas flux is controlled by 15 flow controllers
installed on a panel on the right side of the stand and their return flux is
monitored on the same panel by as many rotameters. In addition, on each
supply line a filter is installed, to prevent particles with a size larger than
5pm to enter in the chambers. During the chambers operations, the flux is
usually set to 3L/h.

The main line supplies all the 15 Super-Chambers with the standard
GE1/1 gas mixture, Ar/CO, (70/30%). A line apart can supply a single
Super-Chamber pure C'O,, to dry out the chamber, or pure air, which contains
oxygen Oy and has proved to be effective to eliminate shorts in chambers.
When a residual on a foil is burned, thanks to the oxygen, non-conductive
metal oxides are created, interrupting the conduction between top and bottom
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Figure 3.17: Structure of the QCS8 stand with the naming conventions adopted
to identify the chambers and the labels of the electronic modules connected
to the corresponding positions [65].

sides of the foil and thus removing the short circuit; this obviously depends
on the nature of the residual which created the short.

The High Voltage (HV) system. In the racks of the QC8 stand two
CAEN A1526N boards powering the scintillators, and 15 CAEN A1515TG
boards for the Super-Chambers are installed. In the QCS8 stand, each board
channel feeds only one electrode of one chamber, differently from the con-
figuration adopted in the CMS detector site, where one channel feeds two
electrodes belonging to the two layers of the same Super-Chamber. This of-
fers much higher flexibility and allows also spotting directly from the DCS
panel which is the problematic layer in a Super-Chamber (for example a layer
with a short in a GEM foil).

The Low Voltage (LV) system. The LV system of the QC8 stand is
structured in the same way as that used at P5, using in total 5 CAEN A3016
boards. Due to the availability in the laboratory, the boards belong to different
models: 2 are HP and 3 belong to the previous standard model (the HP ones
are those used at the CMS site). The only difference between these boards is
that a non-HP board is not able to provide a voltage higher than 8V : the
chambers are usually operated at 8 V, so the board has to provide this voltage
plus an additional one, to compensate for the voltage drop along the cable. It
has been so established, to operate the chambers fed by the non-HP boards
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Figure 3.18: Picture of the QC8 cosmic stand at the GEM lab in the 904
building at CERN [86].

at 7V : this results only in a higher current drained by the FEASTs (+12%)
and not in a chamber performance variation.

Each LV board supplied power to the three Super-Chambers hosted on a
single shelf, with a correspondence 1-1 between supply channel and LV cable
(1 LV channel - 1 LV cable - 1 Super-Chamber layer).

The Detector Control System. The DCS for the QCS8 stand has been
designed with a style similar to that adopted for the CMS experiment site,
only with the additional possibility to control the HV lines supplying the
photo-multipliers for the scintillators placed on the roof and on the floor of
the stand. The QC8 DCS monitors and controls the HV and LV systems,
while only monitors the environmental (temperature, pressure, dew point and
humidity) and gas mixing parameters and the electronics temperature, and
stores them in a dedicated database.

In particular, for the HV and LV systems, the following parameters are
stored:

o the monitored current Imon drained by each board channel,
« the monitored voltage Vmon provided by each board channel;

e the channel status.

The main parameters that the user can set in the HV panel are:
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» the operation voltage Vj of each HV channel of a single chamber;

e the current limit Iy that can flow in a channel: if this limit is overcome
the board switches off the channel (trip event) and the DCS raises an
alarm;

o the ramp-up: the voltage derivative in time, which determines how fast
the voltage is increased during a transition from a lower to a higher
voltage value;

o the ramp-down: the voltage derivative in time, which determines how
fast the voltage is decreased during a transition from a higher to a lower
voltage value;

e the trip time: a maximum time interval during which a channel can
overcome the Iy limit. If the I limit is overcome for a longer time, the
channel trips and the DCS raises an alarm. The trip time is usually
set to 1s, because if set to 0s also a minimal instability would lead to
a power off of the chamber and to a dead time of operation, needed to
recover the chamber;

« mode of powering: GEM mode or FREE mode.

— In GEM mode, when a chamber is powered all the channels are
activated and their ramp occurs in sequence (a channel ramps only
after the previous channel has completed its ramp and reached the
desired voltage). In case a channel trips, also all the other channels
are turned off.

— In FREE mode, the chambers can be ramped independently from
each other. In this case when a channel trips, it is the only to be
turned off.

In addition to these options, an automatic recovery macro has been in-
troduced in the DCS, which takes action ~ 30s after an HV trip to recover
the chamber. The number of consecutive recoveries can be set from the panel
and in case this number is reached and a new trip occurs, the chamber is no
longer recovered and left in the OFF state. The introduction of the automatic
recovery is intended to ensure the longest data taking as possible during a run,
to avoid long periods of inactivity in case the operator is away from the panel
(for example during the night).

Furthermore, a safety system, that turns off completely the HV in case the
gas mixture is missing, has been implemented in the DCS.

On the other hand, the main parameters that the user can set in the LV
panel are:

e the operation voltage V[ of the LV channel feeding a single Super-
Chamber layer;
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Bit number Meaning
0=0ff; 1 =0On
Ramp Up (RUP)
Ramp Down (RDW)
Over Current (OVC)
Over Voltage (OVV)
Under Voltage (UVV)
External Trip
Maximum Voltage
External Disable
Internal Trip
Calibration Error
Unplugged

© 00 O Ul Wi~ O

—_
_ O

Table 3.2: Meaning of the status bits in the HV 12-bit status code for a CAEN
A1515TG board.

e the current limit Iy that can flow in a channel;
o the trip time.

To monitor the operating status of the channels of each board, both in the
HV and in the LV case, a set of status codes has been defined by the producer
(CAEN). Every time in the board a change of status occurs (for example
the channel is ramping up) a corresponding status code is set and saved in
a dedicated database, together with voltage and current data. In the case of
HV status, a 12-bit code is used, while a 16-bit one for LV. Their meaning is
illustrated in tables Tab. [3.2] and Tab. The meaning of the status code is

also shown on the DCS panel, which presents the last recorded status.

The DAQ system The back-end electronics used in the QCS8 stand is the
same as that used in the CMS experiment. It is organised in a pTCA shelf
and consists of:

« one MicroTCA Carrier Hub (MCH);

o one AMCI13, which distributes to the cards the trigger signal given by the
scintillators. Every time a trigger signal comes, the data are collected
from the front-end electronics, packed by the AMC13 and sent to a
storage disk;

« 3 CTPTs, one per each column of Super-Chambers (Fig. [3.17)), labelled
as AMC2, AMC4 and AMCG6.

The description of these components was illustrated in section [2.2.2.7]
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Bit number Meaning
0 0= 0ff, 1 =0n
1 Not assigned
2 Not assigned
3 Over Current (OVC)
4 Over Voltage (OVV)
5 Under Voltage (UVV)
6 Not assigned
7 Over HvMax
8 Not assigned
9 Internal Trip
10 Calibration Error
11 Unplugged
12 Not assigned
13 Over Voltage Protection
14 Power Fail
15 Temperature Error

Table 3.3: Meaning of the status bits in the LV 16-bit status code for a CAEN
A3015/A3015HP board.

3.1.10.2 Procedure in QC8

The procedure in QCS8 can be divided mainly into three phases:
o preparation for the run;
« data taking;

o data analysis.

Preparation for the run The first operation is the installation of the
chamber inside the stand, connecting all the services (gas, cooling, HV, LV),
the electronics fibres and the grounding.

After this phase, the chamber is configured, tuning the single channel
VFAT thresholds by a procedure called trimming illustrated in detail in [65].
Thus a set of s-curves is produced, to determine the final optimal charge
thresholds for each VFAT.

Data taking. In this phase, the cosmic muon data are collected. This
phase consists of 5 data taking runs, performed setting the Super-Chamber
at 5 different equivalent divider current HV configurations, from 700 uA to
660 A, with 10 uA steps between a run and the previous one. Each run lasts
for ~ 12 hours, to accumulate high enough statistics.
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The variation of the equivalent divider current among the five runs is meant
to show how a variation in the applied HV (and so of the effective gas gain),
impacts on the chamber detection efficiency.

The detection efficiency globally depends on many parameters, like the
number of primary electrons produced during the ionisation, the effective gas
gain, the number of strips involved in the signal collection, the signal time
width, the signal amplification and VFAT operation, the channel readout
threshold.

Data analysis. The analysis phase is structured in 4 main phases:
o identification of dead and hot strips;

o event certification: in this phase, only the events collected during a sta-
ble HV operation are accepted for the further steps. Indeed, if an HV
trip occurred during the operation, the events recorded since the channel
turn off till the time of recovery to the operating voltage condition, must
be rejected, because these data have been collected in a gain configura-
tion different from the desired one. The occurrence of HV trips occur
mostly in the initial phases of HV operation, due to possible dust depo-
sitions which have not yet been completely burned by the HV prolonged
application;

o fast efficiency calculation: this step calculates the efficiency of a layer
using only the data produced by the Super-Chamber itself, and not
using the information given by other detectors. This allows having a
first picture of the efficiency of the detector, spotting eventually major
inefficiency areas.

o track-based efficiency calculation: in this case, a tracking algorithm is
used in the efficiency computation, which involves also the other detec-
tors installed in the stand during the run.

At the end of this procedure, an averaged efficiency of the 24 VFAT readout
sectors is computed and this parameter is used to consider a chamber validated
or discarded in terms of efficiency.

3.1.10.3 Monitoring of HV and LV

During the chamber operation, it is useful to have a tool that can retrieve the
operating parameters from the DCS database to perform an off-line analysis,
or just to monitor if a single board is producing anomalous voltage value. In
this context, a tool has been developed to monitor the LV and the HV systems
used in the QCS8 stand.

The monitoring tool needs three main information to retrieve the data in
the correct way from the DCS database:
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a mapping which matches the board channels with the single chamber
electrodes;

the period of usage of each mapping, since the operating conditions in
the stand evolve in time;

the list of chambers that the user wants to monitor;

the start and end of the period that the user wants to monitor, expressed
as UTC time.

Once the environment is ready the monitoring tool deploys the following
operations:

read all the files with the channels mapping conditions used during the
operations and recognise the correct usage period for each of them;

read the file with the chambers that the user wants to monitor;
connect to the DCS Oracle database;

get with an SQL query the information to match the power channel,
with an identification number (ELEMENT ID) used internally in the
database to label the sources of stored information. Together with the
ELEMENT ID, its period of validity is taken, in case the mapping
changes;

get with an SQL query all the data corresponding to the desired channel
in the monitored period, and store this information in an output file.

An important aspect that must be underlined is that a voltage, current or

status value is registered in the database only when there is an appreciable

variation in their value (for example a variation of 0.02V for an HV channel).
The information available in the output file are:

current data, with a plot showing the time evolution of the monitored
current drained by the power supply and a histogram showing the dis-
tribution of current values;

voltage data, with a plot showing the time evolution of the voltage
monitored on the power supply and a histogram showing the distribution
of voltage values. It must be remembered that, in case of a short in an
HV sector, the voltage applied on the foil is different from that observed
on the power supply, due to the voltage drop on the filter resistors;

status data: in this case both the status code in its decimal format,
binary format and its meaning in string format are stored. To better
visualise this information a time evolution plot and a histogram are
used, showing the decimal status code, and in addition also a table
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that summarises all this information and allows to follow in detail the
evolution of the status (for example during a trip event).

The usage of histograms is useful in case we want to monitor how often values
over a certain threshold show up, and spotting in this way any problem with
a board.

HV channel labels. The same labelling convention adopted by the DCS
has been used:

« G1Top, for the first GEM foil: in this way, AVigi71p is the voltage differ-
ence created between the top and bottom face of the GEM foil. On the
other hand, Igi7ep is the current drained by the power supply channel
which creates the voltage difference on the foil.

o (G1Bot, for the Transfer 1 gap, between the 1st and 2nd GEM foil;
o G2Top, for the second GEM foil;

o G2Bot, for the Transfer 2 gap, between the 2nd and 3rd GEM foil;
o G3Top, for the third GEM foil;

o (G3Bot, for the Induction gap, between the 3rd GEM foil and the readout
plane;

o Drift, for the Drift gap, between the drift plane and the 1st GEM foil.

HV monitoring plots. Some monitoring plots for the current, the voltage
and the status of the HV system are shown in Fig.[3.19] Fig.[3.20|and Fig.[3.21]

From these plots it can be observed that during a channel ramp up the
current drained by the power supply is positive, while, on the other hand, the
power supply shows a negative current during a ramp down. During the ramp
up in voltage, the current drained by the power supply can increase and the
current threshold I has to be raised (usually to 20 #A) to complete the ramp;
once the ramp has been completed the current is reset to the operating value
of 2 uA.

From Fig. [3.21] it can be noticed as the first voltage ramp down (2021-06-
25 02:04 UTC) in the chamber operation was given by a trip of the channel
(status > 512). Looking to the current in Fig. [3.22] it can be noticed as the
trip starts with a current spike of 16.6 uA, which overcomes the Iy = 2 uA
threshold (coming for example by a trial of burning a dust deposition on the
foil). This triggers a raise of the status and thus the channel is turned off and
ramped down, to ensure detector safety.

The status plot allows understanding at a glance when a problem arises,
but the full information on the status evolution remains a bit hidden. These
information can be provided in detail by the table summarising all the status
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Figure 3.19: Current drained by the HV power supply on channel G3Top of
chamber in position 2-2-Top in the QCS8 stand from 2019-06-25-00:00:01 UTC
to 2019-06-27-00:00:01 UTC.

information, illustrated in Fig. [3.23] providing to the user a more complete
view on the process evolution.

LV monitoring plots. For the Low Voltage system, a similar monitoring
tool has been developed, with current, voltage and status plots. The only
variation consists in the fact that the status code is based on a 16-bit number
and that for the voltage application a power gradual ramp is not needed, since
only 7V are applied to the chamber during the operation in the QCS8 stand.
This results in a higher current consumption with respect to what is observed
on the QCT stand (Fig. , but it does not affect the detector performances.

An example of the currents observed on the LV board A3016 during the
operation in QCS8 is represented in Fig. [3.24] where the characteristic three
current levels of current operation for a chamber can be observed:

o the standby mode at the chamber power up (~ 1.96 A),
e the run mode (~ 3.10A),

o the scan mode (~ 3.75A).

3.2 Operation of chambers at P5

In this section, the main modes of operation of Super-Chamber at P5 will be
illustrated. The most common issues encountered will be analysed, together
with the tools developed for the monitoring of the chambers. The description
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Figure 3.20: Voltage provided by the HV power supply on channel G3Top of
chamber in position 2-2-Top in the QCS8 stand from 2019-06-25-00:00:01 UTC
to 2019-06-27-00:00:01 UTC.

of the operation will start with the most fundamental procedure executed to
bring the Super-Chambers in their operation regime in P5: the HV training.
In addition, it will be presented the first operation of GE1/1 station chambers
in the CMS magnetic field and during LHC collisions: this first period of
operation allowed us to gain expertise also in these conditions, spotting the
main issues and suggesting strategies for their operation in Run-3.

HYV training procedure The aim of this procedure is to clean the detector
as much as possible, to reduce at the bare minimum the occurrence of trips
in a chamber. The procedure consists in:

o a training of the foils one by one: the voltage of the foils is raised
gradually hour by hour and then kept stable at a voltage of 430V for
G1Top and G2Top and 380V for G3Top, cumulating a total time of
operation of ~ 12 h. The occurrence of trips in the first half an hour of
operation is common since the dust accumulated on the foil, during its
burning could induce a trip. This procedure is then repeated with all
the three foils activated at the same time;

o the following step is to turn on half of the electrodes (Drift, G1Top,
G1Bot and G2Top): in this configuration, the voltage of the stack is
raised hour by hour from voltages given by an equivalent divider 660 uA
to 710 uA, and then kept stable for at least 6 hours. The non-activation
of the last foil and of the corresponding transfer electrodes prevent the
propagation of discharges to the readout plane. If no discharge is ob-
served, the procedure can move to the next step;
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Figure 3.21: Status of HV G3Top channel of the chamber in position 2-2-Top
in the QCS8 stand from 2019-06-25-00:00:01 UTC to 2019-06-27-00:00:01 UTC.

activation of all the electrodes apart from the induction gap (G3Bot)
and activation of the transfer-2 (G2Bot) electrode at 50% of the voltage
it should have at a fixed equivalent divider current. During this step,
voltages for equivalent divider current from 660 pA to 710 pA are applied
hour by hour, in steps of 10 uA. The 710 pA configuration is monitored
for ~ 6 h and if no discharge is observed, the procedure can move to the
next step;

activation of all the electrodes apart from the induction gap (G3Bot)
and activation of the transfer-2 (G2Bot) electrode at 70% of the voltage
it should have at a fixed equivalent divider current. The procedure is
the same as the previous step, apart from that each equivalent divider
current step is maintained for 30 min instead of 1 hour;

activation of all the electrodes apart from the induction gap (G3Bot)
and activation of the transfer-2 (G2Bot) electrode at its nominal value.
In this case, each equivalent divider current step is maintained for 1 hour
and the 710 yA configuration is monitored for ~ 6 h. If no discharge is
observed, the procedure can move to the next step;

check the health of the front-end electronics taking s-curves. This is done
to understand if any of the previous steps have induced any damage on
the front-end electronics and to know its status before moving to the last
step, where the propagation of discharges towards the readout plane is
more probable;

activation of all the electrodes at their nominal equivalent divider current
values, from 660 A to 710 A in steps of 10 pA, maintained for 1 hour.
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Figure 3.22: Current values for the G3Top channel of the chamber in position
2-2-Top: zoom on the time region when the trip occurred. The positive current
which triggered the trip of the channel (02:04 UTC), the negative current of
the ramp down and the positive current corresponding to the new channel
ramp up (04:04 UTC) can be observed.

The 710 pA is finally monitored for 12 hours.

Once this procedure is completed the detectors can be fully operated for the
data taking and a trip rate of around 1 trip per day per Super-Chamber is
expected.

3.2.1 HYV on-line monitor

Following the activity done for the monitoring of the HV and LV system
on the QC8 stand, once the GE1/1 Super-Chambers started to be installed
inside of the CMS detector, the need for similar tools also for the P5 site
emerged. In this view, two similar tools have been developed: one for the
off-line monitoring of the chamber and one for the on-line monitoring.

The on-line monitoring tool has been developed to have an HV monitor
independent from the DCS, in case a user wants to see how a Super-Chamber
is operating in real-time, without accessing the DCS panel.

The main operations performed by the tool are:

o download data from the DCS database every 10 seconds;

e visualize them in a browser interface.

Get the data. The data are retrieved from the DCS database with a SQL
query. The operations performed in this phase are:
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Figure 3.23: Detailed evolution of the status of channel G3Top for chamber
in position 2-2-Top in the QCS8 stand during the trip occurred at 2019-06-25
02:04. In the table are reported the Time Stamp (TS) of a status value, the
status in decimal and binary format and its complete meaning.
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Figure 3.24: LV current drained by the A3016 board during the operation in
the QCS8 stand by chamber in position 4-2-Bot.

« write in a file the Super-Chambers that the user wants to monitor;
« connect to the DCS database;

« match each Super-Chamber channel with its DataPoint ID (DPID). In
the DCS database each channel is labelled with an identification code;

o identify the last current, voltage and status recorded information;

o retrieve every 10 seconds the newly saved data.

Visualize the data. For the data visualization, the Bokeh Python package
has been chosen, which offers a simple data visualization in a web browser.
The chosen visualization is illustrated in Fig. and consists of:

« one tab for each Super-Chamber in the top-left part of the panel;
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« in each tab a set of plots for each HV channel is stored, with:

— in the first column (blue) a plot representing the current monitored
on the power supply Lon;

— in the second column (red) a plot representing the voltage moni-
tored on the power supply V,,on;

— in the third column (green) a plot representing the status code of
the channel. The meaning of the status code for HV channels is
explained in Tab.

Figure 3.25: Panel of the online HV monitor: in the top-left corner of the
browser the desired Super-Chamber can be selected by a tab, while in each
tab is created a 7 x 3 grid, with on each line three plots for each HV channel of
the Super-Chamber. In each line, from left to right there are current, voltage
and status code plots.

The Bokeh package offers in particular some functionalities very useful
for the user. The plots in the browser are indeed interactive and allow in
particular:

e to zoom and drag a plot to visualize it better in any time region of
interest;

o to save the visualization in a file;

 to visualize the precise information about a single data point, just hov-
ering the cursor on it.

3.2.2 HYV and LV off-line monitor

This tool has been structured in a fashion similar to that made for the QCS8
stand, but with some additional features:

o the possibility to have a full view of all the electrodes at the same time
on the same plot;
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o the production of a file containing a history of the trips undergone by
each Super-Chamber.

The visualization of all the electrodes on the same plot allows having a
more complete view regarding the evolution of phenomena inside of a single
chamber, since in the P5 site the Super-Chamber operation can depend on
many external factors and on the operation of other sub-systems (for example
the activation of the CMS magnet).

Some example plots representing the HV and LV systems are provided in
the following sections, in the description of the various phenomena occurring
during the Super-Chambers operation. From these plots many information
not saved in the database can be derived, mainly regarding the HV system,
such as:

e the ramp-up and ramp-down parameters;
« the power mode (FREE or GEM);

« the operation mode (STANDBY or READY FOR PHYSICS) and the
equivalent divider current used in these modes.

Still, some useful parameters have to be implemented in this tool since were
not yet available in the DCS database at the time of the tool development,
such as:

o the current threshold I for each of the electrodes;
o the temperature measured inside of the chamber.

In addition, it must be remembered that in the P5 site one HV cable
feeds both layers of a Super-Chamber. From this, the user cannot understand
exclusively from the HV data what is happening in the Super-Chamber and
he has to combine his information with those given by the operator reports;
for example, he cannot understand:

 in which layer of a chamber there is an issue, but only on which electrode;

« if one layer has been disconnected from the power system. To notice this
from the data the status have to be raised to the unplugged level (status
= 2048), and this happens only if both layers are disconnected. If this
does not happen, he only sees the HV data given by the connected layer.

3.2.2.1 Main features of the HV monitoring

Power mode: GEM or FREE. As previously explained, the HV system
feeding the Super-Chamber can be set in two modes:
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« FREE mode, where all the electrodes can be operated independently
and if one of them overcomes the Iy threshold for a time longer than the
trip time, only this channel is turned off;

o GEM mode, all the electrodes are operated in concert and if one of them
trips all the electrodes are turned off simultaneously.

In addition, in GEM mode the ramp up of the electrodes occurs in sequence
(one electrode starts its ramp only when the previous one has ended its ramp
and reached the set voltage value), while in FREE mode more electrodes
can be ramped simultaneously, as illustrated in Fig. In particular, the
sequence used for the ramp up in GEM mode is: 1st foil (G1Top), 2nd foil
(G2Top), 3rd foil (G3Top), Drift gap (Drift), 1st transfer gap (G1Bot), 2nd
transfer gap (G2Bot) and induction gap (G3Bot).

On the other hand, when a ramp down command is sent, it is applied
simultaneously to each of the interested electrodes in FREE mode and to all
the electrodes in GEM mode. The ramp down is usually set to 20 V/s.
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Figure 3.26: (a) Super-Chamber GE+1/1/36 operated in GEM mode: here
all the electrodes are operated in concert and the ramp-up occurs in sequence
(ramp —up = 3V/s). (b) Super-Chamber GE+1/1/30 operated in FREE
mode: here the three foils trip, they are turned off and then recovered, while
all the other electrodes stay stable.

Automatic recovery. As in the QC8 DCS, also in the P5 GEM DCS an
automatic recovery macro has been implemented, to restore the chamber volt-
age after a trip when the operator is away from the DCS panel. This is done
to reduce at the minimum the inactivity period of the detector, for example
during the data taking or during an HV training. The automatic recovery
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procedure stops when the number of consecutive recoveries is hit before clear-
ing the generated alarms: in this case, the chamber remains off and action on
the DCS panel by the operator is required, as shown in Fig. In this case,
the maximum number of consecutive recoveries was set to 6.
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Figure 3.27: Six consecutive recoveries on the HV of chamber GE-1/1/01.
In this case, when the chamber started the ramp of the last electrode the
chamber tripped, the channels are all turned off and the recovery procedure
restarts from scratch. When the limit of six recoveries is reached, the channels
are left off.

Super-Chamber operation mode. During their operation in the CMS
detector, GE1/1 chambers are not always kept at the equivalent divider cur-
rent voltage values used for the data taking (700 pA), which is also called
READY FOR PHYSICS mode, but at the lower level of 580 A, also known
as STANDBY mode. This mode is used to keep the detector in a safe status
to protect it from any damage since the electric field inside the holes becomes
low enough to prevent the formation of discharges. This mode is used for
example before the LHC beam injection, to ensure the safety of the detector
in case of any problem with the beam. In addition, in this way, it is ensured
that the detectors are always ready to be ramped quickly to the READY FOR
PHYSICS mode, when a data taking is incoming: the complete ramp-up from
the 0V level would indeed require few minutes, while from the STANDBY
level less than one minute. Indeed, the ramp to the READY FOR PHYSICS
mode configuration is performed using a ramp up value of 10V/s. Finally,
it is discouraged to keep off the detectors until the moment just before the
collision, since an absence of voltage for a long period could cause HV trips
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due to the deposition of dust on the foils. Thus the time needed to recover
the chambers would induce an additional data taking time loss.

The transition process occurs usually during the LHC handshake, oper-
ation that precedes the delivery of collisions in the CMS detector and the
detectors stay in this status until the beam injection is finished (precisely
when the beam is at the end of the FLAT TOP status) [87]. During the LHC
handshake, the systems of the CMS experiment are asked to prepare them-
selves to collisions, reaching as quickly as possible a configuration to detect
particles efficiently. Once CMS declares itself ready to receive collisions, the
LHC beams are injected in the cavern and collisions begin. The transition
between the two GE1/1 HV states is executed for all the Super-Chambers in
concert and consists in a procedure that ramps in sequence the seven elec-
trodes.

During the first collisions delivered by the LHC, in week 43 of 2021 (end
of November), on 2021-10-27 an issue that interrupted the transition from the
READY FOR PHYSICS mode to the STANDBY mode, was observed. The
detectors were operating in the GEM power mode. At 19:21 UTC an LHC
injection handshake started and the detector protection system reacted, start-
ing to move the detectors to the STANDBY mode. When such an operation is
performed, the system is required to answer to the handshake confirming that
the transition was completed. In this particular case, the transition started,
ramping down the three GEM foils and the Drift electrode to the STANDBY
designed value. The transition then stopped (Fig. , leaving the other
electrodes (G1Bot, G2Bot and G3Bot) in the READY FOR PHYSICS mode
configuration; this happened to all the detectors since they were operated in
concert. This was due to the fact that during the transition one chamber was
being recovered after the occurrence of a trip (precisely chamber GE+41/1/09,
which tripped at 19:20 UTC), and this prevented the answer of the system to
the LHC handshake. After this investigation a new version of the GEM DCS
was deployed, fixing this issue.

3.2.2.2 LV monitoring

While the HV monitors at the same time the voltage provided to both layers
of a Super-Chamber, the LV has an independent supply line for each of them.
An example plot of the LV current drained by the two layers is illustrated in
Fig. 3.29, where the characterising operation levels can be observed, using the
same 8.0 V configuration used in the QC7 stand.

Study of current levels and front-end channel damage. The identifi-
cation of current levels can be useful to detect increases in current consump-
tion, which can be a symptom of damages in the front-end electronics. A
study on this subject has been performed, to correlate with the occurrence of
trips the change in current consumption in one Super-Chamber layer.
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Figure 3.28: Transition from READY FOR PHYSICS mode (700 uxA) to
STANDBY mode (580 1A) interrupted from the occurrence of a trip and its
recovery, while the transition procedure was being executed. (a) The inter-
ruption of the transition in Super-Chamber GE-1/1/02; (b) the trip in Super-
Chamber GE+41/1/09 which triggered the interruption.

If the layers are completely healthy or have the same amount of damage,
they should drain the same current from the power supply when operated, oth-
erwise, they should show two distinct but constant levels of current. Since,
during the operations, the layers of a Super-Chamber are operated together,
their operation mode changes simultaneously, and in this way also their cur-
rent consumption move simultaneously from a level to another.

If during the operation a trip occurs and if the discharge propagates to the
readout plane, it could induce a damage in the front-end electronics and thus
cause a change in the LV current consumption of one of the two layers. It
must be remembered that the damage given by a propagating discharge can
happen mainly when the induction gap field is activated.

To detect a damage from a trip are so required three main things:

 the occurrence of a trip;
» the change of current level of one of the two layers;

o the appearance of new dead channels or channels with a low ENC on
the S-curve.

This strategy has proved to be effective and it allowed to understand the
reason of unexpected current consumption in many chambers. A particularly
significant example is given for layer 1 of Super-Chamber GE+1/1/30. In this
case a trip occurred at 2021-07-18 18:06:20 UTC, when the induction gap was
active as illustrated in Fig. |3.30]
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Figure 3.29: LV current for both layers of Super-Chamber GE+1/1/26, oper-
ated at 8 V. The main levels present also in QC7 operation can be spotted:
the STANDBY mode at the power up (1.75 A), the run mode (2.8 A) and the
scan mode (with a mean current level over 3.3 A). Layer 1 was excluded from
the scan in this case.

Looking to the LV current plot in Fig. |3.31]it can be noticed as:

o before the trip event the currents of the two layers showed a difference
of ~ 0.05 A on the highest current operation level;

 since the trip occurrence time, a distancing among the levels of the two
layers appears (~ 0.27 A at the highest current operation level) and this
difference is maintained in forever.

This distancing is a symptom of a damage created in the front-end elec-
tronics and is indeed confirmed by comparing the s-curves collected before and
after the occurrence of the event, illustrated in Fig. [3.32] Comparing them, it
can be observed as after the trip occurrence, 8 new dead channels appeared
on VFAT 16, which was completely healthy before that moment.

It was also observed as the displacement in current sometimes manifests
after a few minutes from the trip, or in other cases it starts simultaneously
with the trip and it gradually reaches the final displacement, as if the damage
reaches gradually its final stadium.
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Figure 3.30: Trip on Super-Chamber GE+1/1/30: (a) the voltage plot, (b)
the current plot. During this event a discharge propagated to the readout
plane and damaged the front-end electronics.

3.2.2.3 Study of HV trip rates

To determine the behaviour of Super-Chambers in terms of HV trips, a rou-
tine, which identifies the HV trips, has been inserted in the HV monitoring
tool. The HV trips can occur in many situations:

1. when all the electrodes are active and stable at a fixed voltage;
2. when only part of the electrodes are active and stable;
3. during the ramp of one of the electrodes.

Since the front-end damage from a propagating discharge occurs mainly
when all the electrodes are active, it was decided to count only the trips
occurring in the 1st configuration. From this, all the trips occurring for ex-
ample during the recovery of the chamber or during an HV training procedure
involving only some electrodes, are not counted, as illustrated in Fig. [3.33

After scanning the HV data and identifying all the trips occurring in stable
operating conditions with all the electrodes activated, the monitoring tool
produces a file summarising this kind of HV trip, reporting the Time Stamp,
the status code and the name of the channel which triggered the trip (the first
in time having a status code > 512). At the same time, the total time the
chamber stays with its 7 electrodes stables at the nominal operating voltage
is computed. This information is thus used to calculate the Super-Chamber
trip rate, in terms of trips per day.

To better estimate the trip rate of a detector, it is thus required a long
time of operation, since the observation of a small number of trips on a limited
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Figure 3.31: LV current plot of Super-Chamber GE+1/1/30: since the occur-
rence of a trip in the HV system at 2021-07-18 18:06:20 UTC, a distancing
of the current levels shows up. This is symptom of damage created in the
front-end electronics.

time range would give an unrealistic estimation of the trip rate. From this,
it was decided to produce a weekly estimation of the trip rate for each of the
Super-Chambers. In particular, this monitoring collected the data starting
from the 18th week of 2021.

In the top plot of Fig. the trip rate per day for Super-Chamber
GE+1/1/03 is shown, given by the ratio between the number of trips counted
during the week (mid plot) and the operation time with all the electrodes
active and stable (bottom plot). The period illustrated goes from the 18th to
the 39th week of 2021 (3rd May - 3rd October). This illustration is particu-
larly useful to understand if a high trip rate in a fixed week depends really on
the number of trips, or if it is only caused by a small operation time.

A summary of the trip rate for all the Super-Chambers in the same period
(week 18-39) is provided in Fig. [3.35, Here the trip rate is calculated over the
entire operation period from week 18 to 39, showing clearly as the trip rate
of all the chambers stays below 1 trip per day, apart from Super-Chambers
GE-1/1/01, GE-1/1/11 and GE+1/1/03, which at the same time show a lower
operation time with respect to the other Super-Chambers.

This plot reports in particular monitoring until week 39, because in week
40 the commissioning of the CMS magnet started and it is interesting to
illustrate that part of the operation separately.
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Figure 3.32: S-curves of Layer 1 of Super-Chamber GE+1/1/30 for VFAT
16: on the left the s-curve collected at the end of June 2021, while on the
right that collected on 22 July 2021. The first s-curve was collected applying
the THR _ARM DAC = 100 threshold, while the second was collected at a
higher value because of an issue in the VFAT calibration. It can be noticed
anyway as after the trip occurrence, 8 new dead channels appeared on VFAT
16.

3.2.2.4 Operation during the CMS magnet commissioning.

On 7th October 2021, the first operation of the CMS magnet since the begin-
ning of L.S2 started.

The operation of detectors during a variation of the magnetic field is a deli-
cate matter, since during the magnet ramp mechanic vibrations are induced on
the structure supporting the CMS detector and, in addition, it could produce
movement of dust inside of the detector. During this process, instabilities in
the HV and so discharges could occur: for this reason, it was chosen to keep
off the last electrode (G3Bot).

First magnet ramp up. The operation of the CMS magnet started at
14:52 CET (12:52 UTC) with a ramp up: this operation lasted 11 minutes
and reached a value of 0.20T at 15:03 CET.

During the ramp indeed a large number of detectors experienced instability
in the HV (60 Super-Chambers over a total of 72), with a positive current spike
which triggered the trip status in the detectors, turning them off. During this
phase, the detectors were powered with the FREE mode, to allow to keep off
the G3Bot electrode. Because of this, only the tripping channels were turned
off, while the others stayed stable. After this, the automatic recovery took
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Figure 3.33: Example of valid and non valid trips: the first trip is not counted
since happens when the ramp is ongoing and the stability of the last electrode
has not yet been reached, the second trip is counted, since it happened with
all the electrodes active and stable.

action to recover the detectors.

Due to the high number of tripping chambers, the operator decided to
turn off all the detectors, to perform a deep investigation and to preserve the
detector safety. After this phase, an HV training procedure started, to clean
the foils one by one. The procedure was performed in absence of a magnetic
field until October 14th and then with the magnetic field constant at 3.8'T,
as illustrated in Fig. |3.36|

Effects of the 7th October trips. Observing the HV data, it can be
noticed that some dust was deposited on the foils and it was burned by the
HV ramp up during the recovery of the foils. In this case, problems of current
thresholds I, show up, since the dust creates a short circuit between the two
faces of the foil and this manifests as an increase of the current during the
channel recovery ramp up. The current increase can indeed induce a trip if
the I threshold is overcome.

But it can also happen that a short circuit becomes permanent and the
only way to operate the chamber is by increasing the current threshold. This
is the case of Super-Chamber GE-1/1/31, in which during the HV training
procedure a short was spotted on the third foil (G3Top), as illustrated in
Fig.[3.37 It can be observed that the short drains a current of 42.1 uA, when
the G3Top channel is set at 430.2 V. In particular, it was verified that the
short is localised on the G3Top foil of Layer 2 of the Super-Chamber.
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The first track of a short-like behaviour (a linear increase of the current
given by the voltage ramp up) in the G3Top channel has been identified
during a ramp up recovery after the trip which occurred during the magnet
ramp, at 12:55 UTC on the G3Top channel, as illustrated in Fig. [3.38 While
performing the ramp, it can be observed as at 12:57 UTC the channel trips
again, because the current flowing in the channel has overcome the 20 pA limit
used during the channel ramps.

The second effect that was observed in some chambers after the 7th Oc-
tober event is a distancing among the LV current levels, as was observed in
case of front-end damage, but, in this case, it should be remembered as the in-
duction gap electrode was kept off, to minimize the propagation of discharges
towards the readout plane.

In this context, three single chamber layers experienced an increase of
current consumption higher than 0.1 A. In this case, unfortunately, it was not
possible to check for a VFAT channel damage on the s-curves, because the
system producing the s-curves was performing an upgrade program. Anyway,
as soon as this service will be restored, it should be checked.

Transitions between operation modes. As illustrated previously in sec-
tion[3.2.2.1] the detector can operate in STANDBY and READY FOR PHYSICS
modes, which correspond to two different equivalent divider current levels, and
this is done to reach the data taking configuration quickly, instead of powering
the detectors from scratch.

On 27th October, GEM participated in the LHC collisions in CMS in con-
cert with the other CMS subsystems and this operation lasted until the 31st
October. During this period, the detectors were operated accordingly to the
LHC operations: in this restart phase, the LHC made some tests, and changes
of mode every few hours were observed, while the mode change foreseen dur-
ing the data taking is around one or two times per day. Indeed, during data
taking periods, beams are kept circulating in the LHC and colliding in exper-
iments for many hours, before degrading enough to require a beam dump and
the following preparation of a new LHC beam.

This frequent change of mode created some issues in the detector operation,
since the period immediately after a ramp (30 minutes) could be characterised
by the occurrence of trips in HV channels. In addition, the detectors tripping
in these situations will be recovered with the same ramps used for the tran-
sitions (ramp up 10V /s and ramp down 20V /s), producing a total inactive
time of ~ 6 min.

Due to the occurrence of trips near to the change mode ramps, an inves-
tigation has been performed, to understand if a different equivalent divider
current voltage configuration in the STANDBY mode would help to improve
the trip rate. Two different configurations have been defined:

« STANDBY mode at I, = 580 A and READY FOR PHYSICS mode
at I, = 700 pA (27th-28th October);
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« STANDBY mode at I, = 620 A and READY FOR PHYSICS mode
at I, = 700 pA (29th-31st October).

In this context, four different disjoint categories of trips have been defined:

o trip occurring during the STANDBY mode (later than 30 minutes from
a mode transition);

e trip occurring within a window of 30 minutes from a transition from

STANDBY to READY FOR PHYSICS mode (SB — RD);

« trip occurring during the READY FOR PHYSICS mode (later than 30
minutes from a mode transition);

e trip occurring within a window of 30 minutes from a transition from

READY FOR PHYSICS to STANDBY mode (RD — SB).

The hours of operation available, in the 580 — 700 uA and 620 — 700 uA
configurations, are limited and only a rough estimation of trip rates can be
done. To calculate the trip rate occurring in a stable operation period (in
STANDBY or READY FOR PHYSICS mode), the number of trips is nor-
malised to the hours operating in that state, while to calculate the trip rate
relative to a transition, the number of trips occurring near a transition is
normalised to the number of transitions of that type.

The results obtained for each trip category are reported in Fig. [3.39}{3.42]
showing the trip rate per each Super-Chamber, while a global category sum-
mary is reported in Fig. [3.43]

As can be observed from Fig. and from Fig. [3.43] the trip rates of
the READY FOR PHYSICS mode (700 A), obtained after moving from
STANDBY levels of 580 A and 620 uA, are compatible. This means that
a transition does not affect the trip rate after 30 minutes from a transition
ramp up. As expected, the trip rate in this state is higher than that observed
at the STANDBY level, since the electric field in the holes increases. On the
other hand, small differences in the global trip rate can be observed for the
other categories.

A first difference can be observed in the SB — RD category (Fig. [3.40),
which results to be globally 63% higher for transitions starting from a 580 yA
level than from a 620 pA level, as illustrated in Fig.[3.43] This is due to the fact
that making a transition from a lower working point requires a higher charge
to be accumulated on the foils, increasing the probability of occurrence of an
HV instability. It has to be remembered as anyway is a rare occurrence and
a low number of transitions has been performed, requiring a higher statistics
for confirmation.

On the other hand, an opposite behaviour can be observed for the global
trip rate of the STANDBY category, where the trip rate for the 580 A level
is half of that occurring in the 620 uA STANDBY level (Fig. [3.43). These
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trips are sometimes correlated with chambers which usually showed a higher
trip rate during operation time at 700 uA. Also in this case the rarity of the
event has to be remembered, which does not provide a strong reason to prefer
an equivalent divider current level respect to the other.

Regarding the last category, RD — SB (Fig. , also in this case the
occurrence of trips is rare and correlated sometimes to chambers which showed
a higher trip rate during the operation at 700 pA.

These results suggest as a choice of the level of the STANDBY mode cannot
be chosen on the basis of the trip rate, since the differences are too small. A
solid criteria to prefer 580 uA for the STANDBY state is otherwise the fact
that the detector is in a safer state (lower electric field in the holes), respect
to the 620 uA configuration, and this would protect it in case, for example,
of beam loss, where heavy ionising particles like protons could arrive on the
detector.

The shorter ramp time needed for the 620 uA to reach the READY FOR
PHYSICS state is not relevant enough to prefer it to the 580 pA, since there
is a difference of only ~ 20 seconds.

Magnet ramp down: 1st November. After 24 days of operation, on the
1st of November the CMS magnet was turned off, with a ramp down starting
at 9 : 422CET at a field B = 3.8T and ended at 14 : 13CET at a field
B = 0T. During this period all the HV and LV electrodes of all the chambers
were kept off.

When the electrodes were powered again, six new shorts showed up. This is
due probably to some dust movement induced by the variation of the magnetic
field, which deposited on the foils and that turned into a short once the HV
was powered.

Study on HV shorts circuits. The creation of a short circuit in an HV foil
sector is a major problem for the Super-Chamber operation. As previously
mentioned, a short circuit in one foil sector leads to a drop to zero of the
high voltage applied on the sector, and to a lower voltage applied to each
HV sector of the same foil (—6%), due to the potential difference falling of
the filter resistors. The main consequence of this is a reduction of the gain
provided by the whole foil, with a null gain for the sector where the short
circuit lives.

To have a clear picture of the system, a scheme of the HV circuit without
any short circuit is provided in Fig. [3.44]

When a short circuit is created, the HV sector on the foil top face is
connected with the bottom face. The connection could be purely conductive
or with a low resistance, depending on the nature of the deposition which
created the short circuit. The equivalent circuit given by the connection in
one sector of one foil is provided in Fig. and its equivalent resistance is
10.62 MQ.
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If the number of short circuits increases, the configuration can become
more complex: we could have for example two shorts in the same foil of the
same Super-Chamber layer (F ig) or two shorts in the same foil type of
a Super-Chamber but in distinct Super-Chamber layers (Figl3.45p). In these
cases, parallels of resistors are created and the equivalent resistances for these
two configurations are respectively

o 2 short circuits in 1 foil in the same Super-Chamber layer: R., =
5.62 MQ;

e 2 short circuits in the same foil type but in distinct Super-Chamber
layers: R, = 5.31 M.

Obviously, the effective value of the resistance can fluctuate, since the resis-
tance of each resistor could be a bit different from the nominal value.

Up to 18th November 2021, 15 short circuits and 1 big current leak have
been observed in GE1/1 Super-Chambers. For each of them the resistance
corresponding to the voltage and current values provided by the power supply
has been computed. This value can differ from the expected resistance due to
two main factors:

 the resistors could differ from their nominal value due to the production
tolerance;

o the short circuit created could be partially resistive instead of being
purely conductive.

The summary of observed resistances is illustrated in Fig. [3.46h, where
the resistances of short circuits for each Super-Chamber are illustrated. In
Super-Chamber GE+1/1/36 there are two shorts and one big current leak,
distributed in the following way:

« one short circuit on 1st foil of Layer 1, with an observed resistance of
10.9 M€, compatible with the scenario of one short;

o one current leak on the 2nd foil of Layer 2, with an observed resistance
of 37.7 MS2. Tt has not yet turned into a short circuit but is a significant
current leak;

 one short circuit on the 3rd foil of Layer 2, with an observed resistance of
7.3 MS). This is could be due to the presence of two short circuits, with
at least one of them resistive, or it could be due to the contribution
of many resistive shorts created on the foil. The only way to verify is
unfortunately opening the chamber.

A different resistance summary is provided by Fig. [3.46p, which shows the
frequency of resistance values. Most of them fall in the scenario compatible
with a single short circuit, the highest resistance in the plot is the current
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leak on G2Top of Layer 2 of GE+1/1/36, and the lowest resistances have a
resistance approaching the scenario with two short circuits in the same foil of
the same chamber.

To contextualize more deeply the origin of short circuits, two additional
information have been investigated:

« the foil where the short circuit is created: the most subject to the forma-
tion of the short circuit has shown to be the 1st and 3rd foils (Fig. [3.47h),
probably because they are the external ones and so more subject to the
deposition of dust;

o the operation context when the short circuit manifested for the first
time: it can be observed that the variation of magnetic field and the
HV training procedures are the major actors playing in their formation

(Fig. BATD).

Up to now, the only solution available to restore the correct gain on the
sectors without the short circuit is by increasing the voltage provided by the
power supply. To perform this operation, the layers of the Super-Chambers
have to be powered separately: increasing the voltage on the power supply
with the two layers still powered by the same cable, would increase the voltage
both on the layer with the short circuit and on the healthy one, leading to
potential damage on this last one.

3.2.2.5 Conclusion

This period of operation was useful for the GEM group as it gave the possi-
bility to gain expertise in the operation of chambers in the magnetic field and
during LHC collisions, allowing to start adopting solutions to grant a smooth
as possible operation. In addition, this study led to the investigation of the
creation of shorts in a controlled environment with a magnetic field, trying
to create and heal short circuits only operating the detector from the DCS or
acting on the cables from the patch panel ~ 40m far from the detector [89].
Finally, this study led to the development of strategies to operate chambers
with shorts in the CMS experiment, reorganising the HV distribution to in-
clude slots dedicated to the healing of chambers with shorts [90] and following
the expertise gained by the ALICE experiment about the HV training of GEM
detectors and their operation during the ramp of the magnetic field.
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Figure 3.34: Weekly trip report for Super-Chamber GE+1/1/03 from week
18 to week 39 of 2021 (3rd May - 3rd October): in the top plot is reported
the trip rate per day for this chamber, given by the ratio between the number
of trips counted during the week (mid plot) and the operation time with all
the electrodes active and stable (bottom plot).
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Figure 3.35: Trip report for all Super-Chambers from week 18 to week 39 of
2021 (3rd May - 3rd October): in the top plot is reported the trip rate per day
per Super-Chamber, given by the ratio between the number of trips counted
during the week (mid plot) and the operation time with all the electrodes
active and stable (bottom plot). It can be noticed that the outlier Super-
Chambers in the trip rate plot correspond to those with a lower operation
time.
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Figure 3.36: Operation of the CMS magnetic field from 7th to 16th October
2021.
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HV current and voltage plots.
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mode, using 580 uA and 620 pA equivalent divider current voltages for the
STANDBY mode, for each Super-Chamber.
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Figure 3.42: Trip rate calculated for the transitions from READY FOR
PHYSICS to STANDBY mode, using 580 uA and 620 uA equivalent divider
current voltages for the STANDBY mode, for each Super-Chamber.
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Figure 3.43: Summary of the mean trip rate for the 72 GE1/1 Super-
Chambers, occurring in the STANDBY (SB) and READY FOR PHYSICS
(RD) modes and during the transitions between these two states: SB — RD
and RD — SB. Two different sets of equivalent divider current voltages have
been used for the STANDBY mode, 580 pA and 620 pA, while in the READY
FOR PHYSICS mode the Super-Chambers were always set to 700 A equiv-
alent divider current voltages. The trip rate relative to the trips occurring
during the READY FOR PHYSICS and STANDBY mode is normalised over
the days of operation. On the other hand, for trips occurring during the tran-
sitions, the rate is normalised over the number of transitions performed.
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Figure 3.44: Scheme of the HV circuit which powers one GEM foil. The foil
top face is segmented into sectors (40 for short chambers and 47 for the long
ones), while the bottom face is not segmented.
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Figure 3.45: (a) Scheme of the equivalent circuit given by the creation of a
short circuit in two HV sectors of the same foil in the same Super-Chamber
layer. (b) Scheme of the equivalent circuit given by the creation of a short
circuit in two HV sectors of the same foil type but in distinct Super-Chamber
layers.
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Chapter

A trigger study on 7 — 3u
channel for the Phase 2 upgrade

In this chapter, a trigger study dedicated to the 7 — 3u decay is presented,
exploiting the possibilities offered by the newly installed GEM chambers and
the upgrade of the detectors foreseen in Phase 2. In particular, at first the
possibilities offered by the single GEM stations are analysed, then finally the
analysis will involve the objects provided by more complex infrastructures,
such as the Endcap Muon Track Finder (EMTF) and Tracker Muons (Tk-
Muons).

The conclusion consists of the performance evaluation, in terms of signal
efficiency and trigger rate, of triggers using the above mentioned objects.

4.1 The 7 — 3u decay

The 7 — 3u decay is a process allowed in the Standard Model with an incred-
ibly small branching ratio, in the order of B(7 — 3u) ~ 1074, as it involves
processes of neutrino oscillation, as illustrated in the example of Fig. [4.1]

!
W o 1t

U Fe

[F

Figure 4.1: Example diagram of the decay of 7 in three muons in the final
state, with neutrino oscillation [91].

The hope to observe such decay is placed in exotic models that foresee
branching ratios in the range 10~ — 1078 [92] [03] [94] [95] [06]. These mod-
els involve for example technicolor models, seesaw mechanism as the expla-
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Contribution to the

Particle Mass (GeV) total tau yield

Dy 1.97 72%
Dt 1.87 3%
Bt 5.28 11%
B° 5.28 11%
By 5.37 3%
w 80.4 1074
A 91.2 2-107°

Table 4.1: Channels contributing to the production of tau leptons at the LHC.
The charge conjugate states are included in the estimation [91]

nation of neutrino oscillation data and a scenario with minimal supergravity
(mSUGRA).

All of them give a branching ratio estimation below the upper limit set
by the Belle experiment B(r — 3u) < 2.1-107%, with a 90 % confidence level
[97].

The main reason motivating the search of the 7 — 3u decay is the fact that
this decay is a Lepton Flavour Violation (LFV) decay channel, and further-
more it is one of the cleanest decays contained in the LFV class. Observing
such a decay would indeed suggest the existence of new physics beyond the
Standard Model, pushing the particle physics research in this direction.

4.2 Production at the LHC

During the whole duration of the LHC Phase 2, with a foreseen integrated
Jluminosity of 3000 fb™*, a production of ~ 5-10™ tau leptons can be estimated.
The main channels leading to the production of a tau lepton are summarised
in Tab. .1} and involve the decay of mesons and vector bosons.

The main actor in the production of tau leptons is the Dy meson, that
decays in a tau lepton with a branching ratio B(Ds — 7v,) = 0.055. Using
PYTHIA to estimate the production cross section of D, mesons and using the
upper limit provided by the Belle experiment as branching ratio for the 7 — 3u
decay, a total number of 1.22 - 10° 4 0.07 - 10° events containing the 7 — 3pu
decay has been estimated from the D, — 7v,, for a total integrated luminosity
[ L£dt =3000fb~'. This is calculated using the following relationship:

N(r — 3u) = /L’dt co(pp— D) B(D, — 7v,) - B(r — 3u), (4.1

where o(pp — Ds) = 3.52 - 101 £ 0.94 - 10'° fb is the production cross sec-
tion of the Dy meson in proton proton collisions with 14 TeV center of mass

144



4.3. Simulation environment

energy. The production cross section was estimated from an officially pro-
duced sample containing the decay chain D, — 7v,, 7 — 3u decays, using
the GenXSecAnalyzer tool available in the CMSSW simulation environment
[98]. The details on the samples used will be illustrated in more detail in the
next sections.

4.3 Simulation environment

The study has been performed in the CMSSW environment [99], using official
samples produced by the Trigger Study Group (TSG). CMSSW is the software
framework used to simulate collision events in CMS, from the collision of
protons, to the interaction of particles within the detectors, to their final
reconstruction and determination of physical parameters.

In CMSSW the simulation starts from the generation of particles produced
during the proton-proton collisions with two main properties:

o the energy of colliding protons,
« the pileup conditions (PU).

In our case, the collisions occur with a center of mass energy 14 TeV, while
pileup conditions 0, 140 and 200 are analysed, each with its own dedicated
dataset. Once the collisions have been simulated, the primary particles pro-
duced are generated and propagated inside of the detector until they decay.
The propagation is performed accordingly to the interaction of the particle
with the magnetic field of the CMS detector. When a particle decays, the
daughter particles are generated and these are as well propagated till the final
state is reached (the particle is absorbed or it exits from the detector volume,
like a high energy muon). This gives a complete view of the decay chain of
particles, from their generation to the final state.

The samples considered in this study contain D, particles and each of these
mesons is forced to undertake the decay chain D, — 7v,, 7 — 3u. Events not
satisfying this condition are discarded.

Once the particles have been generated and propagated in the CMS detec-
tor, their interaction with the single detector components has to be simulated,
to determine where the particles released part of their energy. These points
are called hits. The first thing to be set in this context is the geometry foreseen
for the CMS detector for the considered period: in this study, the geometry
FExtended2026D49 has been adopted, which includes new detectors not yet
installed as the endcap calorimeter HGCal or the muon stations GE2/1 and
MEOQ. A more detailed description of the geometry is available here [100].

The energy depositions in the single detectors are then digitised according
to the detector granularity and to the response of the detector electronics.
These digitalised interactions are called digis. For example, in the case of a
GEM station, digis correspond to the strips that detected a signal.
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Digis are then used to produce objects of interest for the reconstruction of
particles, depending on the type of detector station:

o for the MEOQ station the signals of the single pads are employed by a
dedicated algorithm to build a reconstructed hit (RecHit). In turn the
RecHits of each of the six layers of the MEO station are used to build a
MEQ segment, which will represent a first step in the reconstruction of
the muon trajectory;

o for the GE1/1 and GE2/1 stations, the information produced by the
strips are used to return the hit pad number. This information is then
combined with those provided by stations ME1/1 and ME2/1, respec-
tively for GE1/1 and GE2/1 stations, in building a so-called CSCCor-
relatedLC'TDigi object, where LCT stands for Local Charged Track.

After the production of the so called Trigger Primitives by each sub-
detector, their information is combined to build more complex and refined
objects. In this study, in addition to MEO segments and CSCCorrelatedLCT-

Digis for stations GE1/1-ME1/1 and GE2/1-ME2/1, the following objects will
be considered:

o« EMTF tracks, produced by the Endcap Muon Track Finder system;
e TkMuons, produced by the central CMS tracker.

All the objects mentioned above will be discussed in the following sections.

4.3.1 Used samples

The samples used in the study can be divided into two main kinds: signal
samples and minimum bias (MinBias) samples.

The signal samples contain events with the decay of D, meson with the
complete chain Dy — 7v,, 7 — 3u. Three centrally produced samples have
been used, to investigate different pileup conditions: PU = 0 (1.52-10° events),
PU =140 (1.52 - 10° events) and PU = 200 (1.45 - 10° events).

To have higher statistics to analyse in a better way the signal, a private
sample was produced, starting from the same code fragment used for the
centrally produced ones. This sample has PU = 0 and a total number of
events of 8.51 - 10°.

On the other hand, the minimum bias sample is a collection of proton-
proton collision events where a loose trigger is used in the collection of events
to select a large fraction of the inelastic scattering. This should give a good and
general representation of collision events of any kind, without the introduction
of significant biases.

The MinBias samples used in this case are characterised by PU = 140
(4.98-10° events) and PU = 200 (5.00-10° events). Both of them are centrally
produced.

The complete names of the datasets are provided in Appendix [A.]]
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4.4 Features of the signal sample

Observing the signal sample it can be noticed that tau leptons have been
produced within all the CMS acceptance, both in ¢ and n (Fig. {.2h). In
Fig. is represented the generated 7 p, distribution, which has a mode
~ 7.5GeV (in the whole description ¢ = 1 is used).
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Figure 4.2: (a) n distribution of generated tau leptons; (b) p; distribution of
generated tau leptons.

[T

As pointed out in Fig. [£.3p, the distribution of the generated muons mimics
the distribution of the generated 7 leptons. On the other hand in Fig. [4.3pb
the p; distribution of the muons produced by the decay of the tau lepton is
represented.

Since a minimum momentum is required for the muons to reach the de-
tector components, the detection efficiency of all the three muons is small,
due to the low p; of the trailing one and has been shown to be most probable
in the CMS endcaps. The 7 distribution of 7 leptons which produced muons
with a high enough p; to be reconstructed in CMS is shown in Fig. [{.4h,
while the n distribution of TkMuons is plotted in Fig. [d.4b: it reflects well the
concentration of reconstructable muons in the endcap region.

Other general useful features of the signal concern the mutual distance
among the muons, as illustrated in Fig. 4.5l From these mutual distances in
An and A¢ can be understood how the muons produced by the 7 decay live in
a narrow cone. In particular, it can be noticed how the medium and maximum
p; muons lie close to each other, while the farther one is the minimum p; muon.

The distance among muons is well represented also calculating their AR =
\/ (An)? + (A¢)2. Since we are working with three objects, three different AR
can be computed, one per pair of muons. The strategy adopted to summarise
in a unique parameter the mutual distance among the muons was to build a
triangle with the three AR, given by the pairs, and then determine the radius
of the smallest circumference which contains the triangle. This radius will
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Figure 4.3: (a) n distribution of generated muons coming from the decay of
tau leptons; (b) p, distribution of generated muons coming from the decay of
tau leptons. In blue, green and red are respectively shown the distributions
corresponding to the trailing, medium and leading-p; muons.

represent so the smallest cone which can contain the three muons: the plot
with its distribution for the generated muons is illustrated in Fig. [4.6}.
When the triangle is built, three situations can be obtained:

« an acute triangle, where the radius of the smallest circumference (the
circumscribed one) is given by the formula R = Z—ZX, where a, b and c are

the sides of the triangle and A its area (top illustration in Fig. );

« an obtuse triangle, where the radius of the smallest circumference which
contains the triangle is given by half of the longest triangle side, as
illustrated in the bottom right part of Fig. [4.6b;

» a rectangle triangle, where the radius of the smallest circumference con-
taining the triangle is given by the circumscribed circumference radius.
This is due to the fact that this is the limit case between the acute and
obtuse triangle, where the smallest circumference is circumscribed to
the triangle and the longest side (the hypotenuse) is its diameter.

4.5 Objects used in the study

As previously mentioned the study will concentrate on 5 different CMSSW
objects in total: the MEO segments, ME1/1 and ME2/1 CSCCorrelatedLCT,
the EMTF tracks and the TkMuons. The main objective is to study the
performances of trigger paths exploiting these objects. The discussion will now
concentrate on the description of each object used and of the cuts implemented
for each of them.
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Figure 4.4: (a) n distribution of generated tau leptons (GEN_PARTICLES
[99]) which decayed into muons with a high enough p; to produce a global
muon in the reconstruction: the cuts applied to the muons GEN PARTICLES
are p; > 3.5GeV in the barrel (|n| < 1.2) and p; > 2.0GeV in the endcap
(Inl > 1.2); (b) n distribution of TkMuons. Both plots have been produced
using the PUO signal sample.

4.5.1 MEO segments

The MEO segments are built by the MEO station, exploiting all the six layers
of the station. In particular, it is useful to remember that each of the layers
is segmented in 284 strips in the ¢ direction (the pitch of each strip covers
0.455mrad in ¢) and with 8 partitions in the 7 direction (each n-partition
covers ~ 0.1 in 7). As for the other GEM stations, this coarse segmentation
in 7 results in a coarse measurement of the position of the hits in the n
direction. Taking this into account, in the building process of a MEO segment
the hits laying in a region of A¢ x An = 0.02 x 0.05 for each layer are used
to build a reconstructed hit (RecHit) and then the RecHits are fitted with
a straight segment. In particular, the number of RecHits used to build the
segment is not always the same, but it can vary from a minimum of 4 to a
maximum of 6 RecHits (1 per layer).

4.5.1.1 Cut on the A¢ bending angle

When a muon is produced in CMS, during its travel it modifies trajectory
according to the magnetic field: this happens most inside the CMS Tracker,
where the magnetic field is more intense. On the other hand, when the muon
arrives in the first layer of the MEQ station it moves in a region with a lower
but pretty uniform magnetic field (~ 3T). The muon bending occurs in the
¢ direction and can be quantified inside of the MEOQ station, by measuring the
displacement in ¢ between the origin and the end of the MEO segment. This
brought to the idea of performing a cut on the muon bending angle Ag.
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Figure 4.5: (a) An mutual distance among generated muons produced by
the 7 decay; (b) A¢ mutual distance among generated muons produced by
the 7 decay. In blue are represented the distribution of mutual distances
between the trailing and the medium-p; muons, in green between the trailing
and leading ones, and in red between the medium and leading ones.

pr (GeV)  Cut flag Ay, (rad)

2 1 0.0182
3 2 0.0126
5 3 0.0070
10 4 0.0037
20 ) 0.0026
50 6 0.0021

Table 4.2: A¢ threshold values designed to select 95% of muons with a fixed
Pt

In particular, the muon bending depends on the muon p;, with the bending
angle |A¢| which increases with decreasing muon p;. From this, A¢ thresholds
for different p; has been defined to discriminate between different p, muons.
In this way, if we want to select a muon with p; > p;,, , this selection can be
performed accepting the muon with |A¢| < Ay,

The A¢y, have been determined for 6 different p; values (2, 3, 5, 10, 20
and 50 GeV) generating event samples containing single muons with fixed p;.
For a fixed p;, the threshold has been designed to have a selection efficiency
of 95% of muons with that p;.

Since the distributions for the different p; overlap a lot, only a coarse
estimation can be done, as illustrated in Fig. [4.7, while the thresholds defined
for each p, value are reported in Tab. [£.2]
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Figure 4.6: (a) AR radius calculated for the three generated muons produced
by the 7 — 3u decay. This parameter is the radius of the smallest circle
containing the triangle built using the three muon pairs AR as sides; (b)
illustration of the three different triangles which can be obtained in the triangle
construction: acute on the middle top, rectangle on the left bottom and obtuse
on the right bottom.

Asymmetric bending cuts. Choosing how many segments to involve in a
selection is the first element to fix in the building process of a trigger selection,
and from this derives how many segments would have to satisfy a fixed cut
on the bending angle A¢. From this, three categories have been designed:

» single MEO segment, requiring that at least one MEQO segment satisfies
the A¢ cut;

o double MEO segment, requiring that at least two segments satisfy the
A¢ cut;

o triple MEO segment, requiring that at least three segments satisfy the
A¢ cut.

For the single muon selection, 6 A¢ cuts have been designed (Tab. .
For double and triple segment selections a more refined structure has been set,
to scan all the possible combinations of A¢ cuts. If more than one segment is
involved in the selection it is indeed possible to design an asymmetric A¢ cut,
requiring for example that in a pair of segments, the lowest bending segment
has to pass a certain threshold, while that with the highest bending has to
overcome a different threshold.

For example, for a double segment selection, it can be requested that the
highest bending muon satisfies the selection done by the 2 GeV A¢ threshold
(|A¢| < A¢agey), while the lowest bending muon satisfies the 5GeV Ag
selection (JA@| < Agsgev ).
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Figure 4.7: (a) distribution of A¢ bending angle for different p, positive muons
in the positive endcap of CMS; (b) cumulative distribution of A¢ bending
angle for different p; positive muons in the positive endcap of CMS.

This selection allows improving the cut efficiency, keeping good events that
could be otherwise rejected, in case the cut was performed requiring the same
bending threshold on all the segments.

In particular, the description of the selection illustrated in the previous
example is double MEO _2GeV_5GeV, where the 2GeV flag is the bending
angle cut applied to the highest bending segment (lower p,), while the last
flag refers to the bending angle cut applied to the lowest bending segment
(higher p;). Similarly, for a triple segment selection, the description will be
tripleMEO_2GeV_3GeV _5GeV, where the middle one is the selection applied
to the medium bending segment (medium p;).

In this way, 21 and 56 cuts have been designed respectively for double and
triple segment selections, from the number of combinations available.

4.5.1.2 Cut on quality

This cut has been designed to filter the MEQO segments available in an event,
keeping those characterised by high quality and discarding the poor quality
ones. This selection looks at the number of RecHits used to build the MEO
segment. Three threshold values have been set:

o Quality 0: segment built with > 4 RecHits (the minimum to build the
segment);

e Quality 1: segment built with > 5 RecHits;
o Quality 2: segment built with > 6 RecHits.

As illustrated in Fig. [£.8h, rejecting low quality segments allows rejecting a
great part of MEO segments produced by the background.
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Figure 4.8: (a) Number of RecHits used to build MEQ segments in signal and
background samples; (b) MEO segments 1 position in signal and background
samples.

4.5.1.3 Cut on 7 position

A cut on the n position assigned to each segment has been designed to reduce
the trigger rate, discarding the MEOQ partitions placed in the highest 7 region,
subjected to the highest flux of background particles (Fig.|4.8b). The selection
is based on the segment origin point in the first MEO layer and 4 thresholds
have been set:

o Veto 0: accepts MEQ segments at every n;
o Veto 1: discards MEO segments starting in the 8th n-partition;
o Veto 2: discards MEQ segments starting in the 7th and 8th n-partitions;

o Veto 3: discards MEO segments starting in the 6th, 7th and 8th 7-
partitions;

The segmentation of MEQ n-partitions has been done such that each of
them has a An ~ 0.1 coverage. The specific values of coverage for each 7-
partition is summarised in Tab. [4.3]

4.5.1.4 Cut on An — A¢ separation

This cut has been designed to provide a separation on MEO segments, without
grouping the information in the unique AR radius parameter illustrated in
section [4.4]

To design this selection, the muons generated in the 7 — 3 decay have
been matched to the corresponding ME(O segments, looking to the muon
triplets which all lie in the MEO acceptance. The information saved per each
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n-partition  An (rad)
1 0.100
0.113
0.100
0.112
0.100
0.112
0.103
0.115

00 O O = Wi

Table 4.3: An coverage of each MEO n-partition.
of these events is the maximum A7 separation among the segments and their
maximum A¢ separation. From this, two plots have been built:

« the first representing the separation of the segments given by the position
of the segments’ point on the 1st MEO layer (Fig. |4.9n);

o the second with the separation looking to the position of the segments’
point on the 6th MEO layer (Fig. 4.9pb).

CME Phase2 simulation T8 =14 ToW CMS Phase? simulation TE=14Tow

Figure 4.9: Maximum An—A¢ separation among MEO segments matched with
7 — 3p muons. The events plotted are those where all the three muons lied
within the MEO acceptance. In (a) and (b), the separations built looking to
the MEO segments points in the 1st and 6th layer are respectively represented.

On the other hand, the distributions of maximum An — A¢ separation for
each triplet of MEO segments for background events are reported, respectively
for the 1st and 6th layers, in Fig. and Fig. [£.10b, characterised by high
A¢ values.

To select the area where most of the signal events concentrate, first of all,
a bi-gaussian fit is performed on the signal plots, to determine the fi,, 11y, 04,
o, and p. These parameters are the means and standard deviations along the
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Figure 4.10: Maximum An — A¢ separation for each triplet of MEO segments
for background events. The angular separations are determined looking to the
n and ¢ positions of MEO segments points in the 1st (a) and 6th MEOQ layers

(b).

Parameter 1st layer 6th layer

T 0295  0.307
11y 0.116  0.105
O 0.343  0.352
o, 0203  0.202
p 0.392  0.415

Table 4.4: Bi-gaussian fit parameters for An — A¢ segments separations seen
in the 1st and 6th MEO layer.

x-axis (A¢ separation) and y-axis (An separation), while p is the correlation
coefficient. The parameters obtained are reported in Tab. [4.4]

After this operation, the An — A¢ area of interest is enclosed in a concen-
tration ellipses, which is defined by the points with coordinates (x,y) satisfying
the following equation for a fixed @) value:

o_ ! ((g; —pa)’ )y =) | uy)2> 42

1—p? o? 040y s

where QQ defines the percentage of events which are contained inside of the
ellipses for bi-gaussian distributed random variables [I01]. In this way, an
event is accepted if its Q value is higher than the QQ value which defines the
concentration ellipses. In particular, 8 different () values have been defined
and their features are summarised in Tab. the flag identifying this kind
of cut is ChiXX, where X X is the percentage of events enclosed in the con-
centration ellipses for bi-gaussian distributed random variables. In Tab. is
also presented the flag Chi100, which represents the case where the separation
cut is not activated to keep all the events.

Since a concentration ellipse has been produced both for separations given
on the 1st and 6th MEOQ layers, an event to be accepted has to be enclosed in
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Cut flag Q Fraction
Chi100 - 100%
Chi95 6.16 95.4%
Chi68 2.30 68.3%
Chi39 1.00 39.0%
Chi20  0.446  20.0%
Chil0  0.211 10.0%
Chi05  0.103 5.0%
Chi02  0.0404  2.0%

Table 4.5: Features of the ) values which define the concentration ellipses,
with the relative fraction of events enclosed inside of the ellipses for bi-gaussian
distributed random variables.

both the ellipses.

4.5.1.5 Cut on AR radius

A different approach to determine the separation among muons is to calcu-
late the angular radius AR illustrated in [£.4] In this case, 8 different AR
radius ranges have been determined, according to the ratio between signal
and background events accepted in a fixed AR radius range.

To optimise the determination of these ranges, the following scan operation
has been performed:

o set the lower (AR;) and upper (ARs) bound to define a AR radius
range;

 calculate the ratio S between the fraction of triplets of segments con-
tained in the AR window (AR, ARy) for signal and background events

fARf fsig(z) dx
S = Qo (4.3)

AR, fbkg(if) dz’

where fg4 and firy are the histograms describing the fraction of triplets
contained in a certain AR radius interval, illustrated respectively in

Fig. 4.11p and Fig. 4.11b. To define fy;, is indeed used the histogram
which contains just one triplet for each event, provided by the match of

segments with muons of the 7 — 3pu decay. For the background case all
the triplets combinations are considered;

o repeat the calculation varying the lower bound of the window and its
width;

 select the ranges which obtained the highest ratio score S.
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Lower edge  Upper edge

Cut flag (AR radius) (AR radius)
DeltaR0 - -
DeltaR1 0.1 0.35
DeltaR2 0.2 0.45
DeltaR3 0.1 0.55
DeltaR4 0.2 0.65
DeltaR5 0.1 0.75
DeltaR6 0.3 0.55
DeltaR7 0.2 0.85

Table 4.6: AR radius cuts for the MEO segments. The DeltaR0 flag indicates
the setting where the AR radius cut is not applied.

The AR radius distribution given by MEO segments matched to muons
produced by the 7 — 3pu is illustrated in Fig. [f.1Th, while the distributions
obtained for each triplet of MEQ segments for signal and background events
is illustrated in Fig. : using the procedure illustrated above, the 7 AR
radius ranges which obtained the highest ratio score S have been selected and
their details are reported in Tab. [£.6]
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Figure 4.11: (a) AR radius distribution for MEO segments matched with
muons produced by the 7 — 3u decay. (b) AR radius distribution for each
triplet of MEO segments for signal and background events.

4.5.2 CSCCorrelatedLCT of ME1/1 and ME2/1

The ME1/1 and ME2/1 cooperate respectively with GE1/1 and GE2/1 sta-
tions in building an object called CSCCorrelatedLCT, that uses the tracking
informations given by the strips and wires of the 6 layers of CSC chambers
and the information given by the two layers of GEM detectors used to re-
turn the hit GEM pad number. In particular, the information given by the
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CSC chambers are produced in form of two Local Charged Tracks (LCTs),
one for the cathode strips called CLCT (Cathode LCT) and one for the an-
ode wires called ALCT (Anode LCT). This information is then joined in a
Correlated LCT, which includes the GEM tracking information. The CSC-
CorrelatedLCT building algorithm assigns in particular two parameters used
to define its position: the “key strip” and “key wire”, both belonging to the
3rd CSC layer.

4.5.2.1 Cut on the A¢ bending angle

The cut on the A¢ bending angle for GE1/1 and GE2/1 is calculated making
the difference between the ¢ positions of:

o the pad hit in the first GEM layer;

o the position of the key point of the LCT, placed in the 3rd CSC layer
and given by the intersection between the “key wire” and “key strip”.

In this case, it was not possible to put an indicative flag on the p; of
the muon which generated the LCT because the bending distributions for
different muon p; values showed a too high overlapping. In this case, the cuts
were extracted directly from the bending distribution of CSCCorrelatedLCTs
for ME1/1 and ME2/1 stations obtained from the signal sample, which are
illustrated in Fig. [£.12] The A¢ threshold values are illustrated in Tab. [4.7]
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Figure 4.12: |A¢| bending angle calculated for ME1/1 (a) and ME2/1 (b)
CSCCorrelatedLCTs. The tails at high bending angles comes from an erro-
neous assignment of the GEM pad by the reconstruction algorithm.
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Similarly to what was done for MEO segments, also for ME1/1 and ME2/1
CSCCorrelatedLCTs an asymmetric bending angle cut structure has been set,
with single, double and triple LCTs selections, each with respectively 6, 21
and 56 cut options on the bending angle. Also in this case, the LCT with
the highest bending is put in the first position of the selection description,
followed by the medium and lowest bending |Ag|.
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MEIL/T Adnr

ME2/T Adynr

Cut flag (rad) (rad)
PhiCut_ 1 0.062 0.115
PhiCut_ 2 0.038 0.012
PhiCut__3 0.022 0.006
PhiCut__J 0.016 0.0036
PhiCut_ 5 0.012 0.0024
PhiCut_ 6 0.008 0.0012

Table 4.7: A¢ bending thresholds set for ME1/1 and ME2/1 CSCCorrelat-
edLCTs.

4.5.2.2 Cut on quality

Similarly to what was done for MEO, also for ME1/1 and ME2/1
CSCCorrelatedLCTs a cut on the object quality has been set. The quality
thresholds have been set looking to the quality distributions, trying to reduce
the contribution of the background, consisting mainly of objects with lower
quality with respect to those defining the signal, as illustrated in Fig. [4.13h.
The quality thresholds are summarised in Tab. 4.8

ME11 LCT Quality raw

CME Phage 2 aimulation E =14 TaV

ME21 LCT

CMS Phase 2 simulation f5=14 TaV
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Fraction of LCTs
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0.04
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Figure 4.13: (a) quality of CSCCorrelatedLCTs from ME1/1 station; (b) n
position of CSCCorrelatedLCTs from ME2/1 station.

4.5.2.3 Cut on 7 position

For ME1/1 and ME2/1 CSCCorrelatedLCTs, five different cuts on the 7 po-
sition of the object have been defined: the position taken to perform the
selection is that given by the intersection of “key strip” and “key wire” in
the 3rd CSC layer. As for MEO segments, the strategy of rejecting segments
formed in the highest n covered by the detector allows rejecting a good num-
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Cut flag Quality threshold

Quality0 -
Quality1 >7
Quality2 > 12

Table 4.8: Quality thresholds adopted for ME1/1 and ME2/1 CSCCorrelat-
edLCTs. Quality0 is the flag when no quality cut is applied. Qualityl gives
only a minimal contribution, but it has been defined anyway to try to keep
the highest possible fraction of signal events. The specific description of the
meaning of the different quality codes is reported in [102].

Cut flag LCTs rejected n

Veto0 -

Vetol > 2.2875
Veto2 > 2.1750
Veto3 > 2.0625
Vetoy > 1.9500

Table 4.9: Cuts applied on LCT 7 position: the table reports the values
which are rejected by each selection. The Veto0 is the flag when no selection
is applied.

ber of LCTs generated by background events (Fig. 4.13p), contributing in this
way to a reduction of the trigger rate. The details on cuts are illustrated in

Tab. 4.9

4.5.2.4 Cut on An — A¢ separation

As for MEO segments (section, concentration ellipses have been defined
also for ME1/1 and ME2/1 LCTs. The distributions of An — A¢ separations
are illustrated in Fig. [4.14] while the bi-gaussian fit parameters are reported
in Tab. [£.10 On the other hand, the separation distributions given by the
background are reported in Fig. [4.15] showing a clear difference respect to the
signal ones.

Parameter ME1/1 LCTs ME2/1 LCTs

i 0.213 0.551
Ly 0.013 0.429
o, 0.513 0.077
o, 0.213 0.185
P 0.426 0.411

Table 4.10: Bi-gaussian fit parameters for An — A¢ LCTs separations seen in
the ME1/1 and ME2/1 stations.
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Figure 4.14: Maximum An— A¢ separation among ME1/1 (a) and ME2/1 (b)
CSCCorrelatedLCTs matched with 7 — 3u muons. The events plotted are
those where all the three muons lied in the stations acceptance. The angular
separations are determined looking to the n and ¢ positions of points given
by the intersection of key LCT strips and wires in the 3rd CSC layer.

The Q values used to set the concentration ellipses are the same illustrated
in Tab. [£.5] but, in this case, only one ellipse per station is built, using the
position of LCTs in the 3rd CSC layer. This is due to the fact that the n
position of the LCT in a GEM layer is not available, since only the azimuthal
pad number is provided.

4.5.2.5 Cut on AR radius

The window method illustrated in section [£.5.1.5 has been used also to deter-
mine the AR radius ranges for cuts on ME1/1 and ME2/1 LCTs. In this case,
the parameters used are reported in Tab. and Tab. while the AR
radius distributions for ME1/1 and ME2/1 LCTs are illustrated in Fig. [4.16
On the other hand, the distributions of AR radius for each triplet of objects
for signal and background events are reported in Fig. [£.17], showing their clear
separation.

4.5.2.6 Cut on diff DR

An additional parameter has been introduced for ME1/1 and ME2/1 LCTs
to be sure to get rid of possible LCT duplicates, called diffDR. In the version
of CMSSW used indeed it was possible to check for MEO segment duplicates,
checking the position of the RecHits used to build the segment, but this pos-
sibility was not yet available for ME1/1 and ME2/1 LCTs. It was so chosen
to get rid of duplicates dropping LCTs closer than a fixed AR : the diff DR
investigated values have been 0.001, 0.01, 0.04, 0.07 and 0.10.
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Lower edge  Upper edge

Cut flag (AR radius) (AR radius)
DeltaR0 - -
DeltaR 1 0.0 0.25
DeltaR2 0.1 0.35
DeltaR3 0.0 0.45
DeltaR4 0.1 0.55
DeltaR5 0.2 0.45
DeltaR6 0.0 0.65
DeltaR7 0.1 0.75

Table 4.11: AR radius cuts for the ME11 LCTs. The DeltaR0 flag indicates
the setting where the AR radius cut is not applied.

Lower edge  Upper edge

Cut flag (AR radius) (AR radius)
DeltaR0 - -
DeltaR 1 0.0 0.25
DeltaR2 0.1 0.35
DeltaR3 0.0 0.45
DeltaR4 0.2 0.45
DeltaR5 0.1 0.55
DeltaR6 0.0 0.65
DeltaR7 0.3 0.55

Table 4.12: AR radius cuts for the ME21 LCTs. The DeltaR0 flag indicates
the setting where the AR radius cut is not applied.
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CM5 Phased simulation = 14TV M Frase? simulasion (= 14 TaV

Figure 4.15: Maximum An — A¢ separation for each triplet of ME1/1 (a)
and ME2/1 (b) CSCCorrelatedLCTs for background events. The angular
separations are determined looking to the 1 and ¢ positions of points given
by the intersection of key LCT strips and wires in the 3rd CSC layer.
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Figure 4.16: AR radius distribution for ME1/1 (a) and ME2/1 (b) LCTs
matched with muons produced by the tau decay.

4.5.3 EMTF tracks

The Endcap Muon Track Finder (EMTF) builds tracks joining the information
coming from the different muon stations installed in the CMS endcap. This
large amount of information allows reconstructing a complete muon track
in the endcap of the muon spectrometer and from its curvature provides a
measurement of its p; and its charge. The EMTF track parameters used in
this study, and described in the next sections, are the track p;, charge, quality
and separation.

4.5.3.1 Cut on p;

A representation of the EMTF track p; distribution, for the signal sample and
the minimum bias one, is provided in Fig. [£.18h, where it can be noticed that
the greatest part of background contribution is in the low p; region. In this
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Figure 4.17: AR radius distribution for each triplet of ME1/1 (a) and ME2/1
(b) LCTs for signal and background events.

study the structure for the cut on EMTF track p; has been modelled using the
structure made for the MEO segments A¢ bending angle cut (section |4.5.1.1])
and, for this reason, the chosen p; thresholds are 2, 3, 5, 10, 20 and 50 GeV.
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Figure 4.18: (a) p; distribution of EMTF tracks; (b) Charge distribution of
EMTF tracks.

In this way, a path describing a selection on a triplet of EMTF tracks puts
three different p, thresholds on the leading, medium and trailing p; tracks.
To pass the selection an event must have at least one triplet of tracks over-
coming at the same time all the three p;, thresholds. For example, if the p;
cut description is 2GeV_3GeV_5GeV, an event must have at least one triplet
of tracks with the trailing p, track with p, > 2 GeV, the medium-p; one with
p: > 3 GeV and the leading-p; one with p, > 5 GeV.

164



4.5. Objects used in the study

4.5.3.2 Cut on charge

From the bending of the track, the EMTF assigns a charge value to the tracks.
In this study, a selection on charge has been designed to identify if in an event
there is at least one triplet of tracks which ensures the charge conservation to
belong to a 7 — 3 decay event. Here are listed the name of the charge cuts
applied to a triplet of EMTF tracks, with the requirement asked to pass the
selection and be accepted:

o Charge 0: no selection on charge;
o Charge 1: at least 2 tracks with an opposite sign;

o Charge 2: |3, Qi| = 1, where the Q; is the charge of the i-th track.
This ensures that the triplet conserves the charge in 7+ or 7~ decay;

o Charge 3: 2 tracks with charge () = —1 and 1 track with charge () = +1,
compatible with the decay of a 7~ lepton;

o Charge 4: 1 track with charge () = —1 and 2 tracks with charge () = +1,
compatible with the decay of a 7 lepton.

A different charge selection has been designed in case only one or two
EMTF tracks are involved. In this case, the cut cannot be used for a check on
the charge conservation, but just to try to identify a suitable charge selection
with a low enough trigger rate. The charge cuts implemented for selections
involving two EMTF tracks are:

o Charge 0: no selection on charge;

o Charge 1: 2 tracks with charge Q = +1;

o Charge 2: 1 track with charge () = +1 and 1 track with charge Q) = —1;

o Charge 3: 2 tracks with charge Q) = —1;

Finally in case of selections containing just one EMTF track, the designed
cuts are:

o Charge 0: no selection on charge;
e Charge 1: 1 track with charge Q) = +1;
e Charge 2: 1 track with charge Q) = —1;
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Cut flag Quality threshold

Quality0 -
Quality1 >9
Quality2 > 14

Table 4.13: Features of quality cuts used for EMTF tracks. The Quality0 flag
indicates the setting where the quality cut is not applied.

4.5.3.3 Cut on quality

The reconstruction algorithm assigns to each track a score from 0 to 15, defin-
ing a track quality in an increasing way. From this, three different quality
thresholds have been defined, trying to minimize the contribution of back-
ground tracks, and their definition is reported in Tab. [£.13] while in Fig.
a comparison between the quality of tracks observed in signal and background
is shown.

EMTF track quality EMTF tracks matched AR radius
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Figure 4.19: (a) Quality of EMTF tracks for signal and background events;
(b) AR radius distribution for EMTF tracks matched with muons produced
by the tau decay.

4.5.3.4 Cut on AR radius

A cut on the mutual distance of EMTF tracks has been made only using the
AR radius method (Fig. 4.19b): 8 AR ranges have been identified using the
same strategy illustrated in section [£.5.1.5] by identifying the AR ranges with
the highest contribution from signal and the lowest from background events.
The distributions of AR radius for each triplet of EMTF tracks for signal and
background events are reported in Fig. [£.20] showing their clear separation,

while detailed description of the parameters of each selected AR radius range
is illustrated in Tab. 414l
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Figure 4.20: AR radius distribution for each triplet of EMTF tracks for signal
and background events.

4.5.3.5 Selection categories involving EMTF tracks

In the case of selections involving at least one EMTF track, several categories
of selections were investigated, all based on objects triplets. The triplets in the
different categories involved EMTF tracks, MEO segments and CSCCorrelat-
edLCTs from stations ME1/1 and ME2/1. The description of these categories
is reported in detail in Tab.

When different objects are used it must be taken into account that they
could have been used in the track building or that two segments could be
generated by the same particle. To avoid double counting cases, a check on
the AR separation among the objects has been introduced: similarly to what

Lower edge  Upper edge

Cut flag (AR radius) (AR radius)
DeltaR0 - -
DeltaR 1 0.0 0.25
DeltaR2 0.1 0.35
DeltaR3 0.0 0.45
DeltaR4 0.2 0.45
DeltaR5 0.1 0.55
DeltaR6 0.0 0.65
DeltaR7 0.2 0.65

Table 4.14: AR radius cuts for the EMTF tracks. The DeltaR0 flag indicates
the setting where the AR radius cut is not applied.
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Category name Objects used
tripleEMTF 3 EMTF tracks
doubleEMTFsingleME11 2 EMTF tracks, 1 ME1/1 CSCCorrelatedLCT
doubleEMTFsingleME21 2 EMTF tracks, 1 ME2/1 CSCCorrelatedLCT
doubleEMTFsingleMEQ 2 EMTF tracks, 1 MEO segment

2 EMTF tracks and 1 other object (1 MEO segment
doubleEM TFsingleStub OR 1 ME1/1 CSCCorrelatedLCT

OR 1 ME2/1 CSCCorrelated LCT)
singleEMTFdoubleME11 1 EMTF track, 2 ME1/1 CSCCorrelatedLCTs
singleEMTFdoubleME21 1 EMTF track, 2 ME2/1 CSCCorrelatedLCTs
singleEM TFdoubleMEQ 1 EMTF track, 2 MEO segments

1 EMTF track, 1 MEO segment,

1 ME1/1 CSCCorrelated LCT

1 EMTF track, 1 MEO segment,

1 ME2/1 CSCCorrelated LCT

1 EMTF track, 2 CSCCorrelatedLCTs
(1 from ME1/1, 1 from ME2/1)

singleEM TFsingleMEOsingleME11
singleEM TFsingleMEOsingleME21

singleEMTFsingleME11singleME21

Table 4.15: Categories involving EMTF tracks. All of them require three
input objects and their description is provided in the second column.

illustrated in section [4.5.2.6] the variable used is called diff DR and the same
logic is applied. This check was not implemented for MEQ objects, since at the
development and samples production time, MEO was not yet fully integrated
into EMTF.

4.5.4 TkMuons

The tracker muons (TkMuons) are objects produced by the CMS tracker:
they are produced by an algorithm that checks for Tracker Tracks which have
a compatible signature in the calorimeters and in the muon system. This
kind of object is particularly useful for low p; muons (in the order of few
GeV), which could leave a too low number of hits in the muon system for a
standalone muon reconstruction.

4.5.4.1 Cut on p;

For TkMuons a selection based on p; has been built with the same structure
adopted for EMTF tracks and using the same p; thresholds: 2GeV, 3 GeV,
5GeV, 10 GeV, 20 GeV and 50 GeV. As in the EMTF track description, also
in this case in the labelling convention the first label states the p; cut used
on the trailing muon, the second for the medium p; muon and the last one
for the leading p; muon. Fig. shows the p; of tracker muons observed
in a signal and in a background sample: as expected the background muons
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Lower edge Upper edge  Fraction signal tracks

Cut flag (Reduced x?) (Reduced x?) (%)

Quality0 - - 100%
Qualityl 0.0 2.64 94.0%
Quality?2 0.24 1.20 67.6%

Table 4.16: Reduced x? cuts used for the TkMuons. The Quality0 flag indi-
cates the setting where the reduced 2 cut is not applied. In the last column,
the fraction of TkMuons included in the selection range is reported.

concentrate in the low p; region, near to the signal p, muons.
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Figure 4.21: (a) p; distribution of TkMuons; (b) Reduced y? distribution of
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As in the previous cases, an accepted event has to show at least three
TkMuons which overcome the p; thresholds set for the trailing, medium and
leading p; muons.

4.5.4.2 Cut on reduced \?

To provide a quality-like selection also for TkMuons, it has been chosen to look
at their reduced x?, (Fig. 4.21p). The distribution, in this case, is not very
discriminating between signal and background, but three flags have been set
anyway, as shown in Tab. [£.16} the fraction of TkMuons accepted is reported
in the 3rd column of the table.

4.5.4.3 Cut on charge

Similarly to what has been done for EMTF tracks, a check on the charge con-
servation has been designed also for selections involving triplets of TkMuons.
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Cut flag Description

Charge0)  No curvature selection applied

Chargel Triplets containing 2 TkMuons with opposite sign

Charge? TkMuons triplets with 2 positive and 1 negative curvatures 1/r
OR with 1 positive and 2 negative curvatures 1/r

Charge3 TkMuons triplets with 2 negative and 1 positive curvatures 1/r

Charge4 TkMuons triplets with 2 positive and 1 negative curvatures 1/r

Table 4.17: Features of cuts on curvature 1/r used for TkMuons. The Charge0
flag indicates the setting where the cut is not applied.

Cut flag Threshold on z-POCA Fraction signal tracks

(cm) (%0)
Viz0 - 100%
Vitrl 0.30 95.4%
Vitw?2 1.75 68.3%

Table 4.18: Cuts on the z-coordinate of POCA of TkMuons. To be used, a
TkMuon has to present a POCA with |z| higher than the threshold illustrated
in the second column (|zpocal > Zinreshold)-

In this case, the charge is not directly accessible, so the sign of the track cur-
vature (called 1/r) has been exploited, this last being linked to the sign of
the particle. From this, 5 different selection flags have been defined, and their
description is provided in Tab. [£.17]

4.5.4.4 Cut on POCA (Point Of Closest Approach) position

In each TkMuon track, its closest point to the interaction point, called Point
Of Closest Approach (POCA), can be identified. In the available samples,
only its z coordinate was available, while the x and y coordinates were not yet
filled. From this, a comparison between the position of POCA z coordinate
for signal and background events has been made, as illustrated in Fig. [£.22h.
The distributions are not really discriminant between signal and background,
but they can anyway be used to scale down the number of selected events. As
illustrated in Tab. these cuts have been designed to reject the central part
of the distribution, where the highest variation among signal and background
can be observed. In this way, only the TkMuons with |zpoca| > Zihreshola are
selected.

4.5.4.5 Cut on AR radius

As for the objects illustrated in the previous sections, also for TkMuons a
selection on their mutual distance has been set, identifying 7 different ranges
of AR radius values which maximize the contribution of signal TkMuons and
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Figure 4.22: (a) Distribution of POCA z coordinate for TkMuons; (b) AR
radius distribution for TkMuons matched with muons produced by the 7
decay.

Lower edge  Upper edge

Cut flag (AR radius) (AR radius)
DeltaR0 - -
DeltaR 1 0.0 0.25
DeltaR2 0.1 0.35
DeltaRS3 0.0 0.45
DeltaR} 0.1 0.55
DeltaR5 0.0 0.65
DeltaR6 0.2 0.45
DeltaR7 0.1 0.75

Table 4.19: AR radius cuts used for the TkMuons. The DeltaR0 flag indicates
the setting where the AR radius cut is not applied.

minimize the contribution of background ones. The thresholds are reported
in Tab. [4.19] while the distribution of signal radii is illustrated in Fig. [£.22p.
Finally, the distributions of AR radius for each triplet of TkMuons for signal
and background events are reported in Fig. [4.23] showing the clear separation
among them.

4.5.4.6 Cut on invariant mass

The last cut implemented on TkMuons is that on the invariant mass of a
triplet of muons: in this context, the objective is to select events that contain
a triplet of TkMuons forming an invariant mass compatible with that of the
7 lepton (1.776 GeV). The invariant mass m,,, is computed summing the
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Figure 4.23: AR radius distribution for each triplet of TkMuons for signal
and background events.

Lower m,,,,, edge Upper m,,,, edge

Cut flag (GeV) (GeV)
Mass0 - -
Massl 1.67 1.83
Mass2 1.20 1.90

Table 4.20: Invariant mass m,,,, cuts used for the TkMuons. The Mass0 flag
indicates the setting where the cut is not applied.

Lorentz vectors defined for the three TkMuons:

3 2 3
Mg = (Z E) IS b, (1)
=1 =1

where all E; and p, are respectively the i-th muon energy and momentum
expressed in GeV.

Two mass cuts have been set, identifying two invariant mass ranges which
maximize the contribution of signal events and minimize the contribution of
background ones. To choose the best mass ranges, the same method used to
identify the AR radius ranges has been used (section , computing the
ratio of the fraction of triplets accepted in each mass range. The chosen mass
ranges are reported in Tab. [£.20]
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Figure 4.24: TkMuon invariant mass obtained from signal and background
TkMuon triplets, zooming on the 7 mass range (a) and looking the whole
mass range (b). As can be noticed, in the background distribution, the peak
typical of the 7 — 3u decay is absent and the distribution is well separated
from it. The shape of the background is determined by the combinatorics of
TkMuon objects.

4.6 Efficiency and rate results

For each selection presented in the previous sections trigger efficiency and rate
have been computed, to understand if they represent a potentially interesting
selection path. The environment used to produce this result is that provided
by the CMSSW__11_1 3 version, reprocessing the samples according to the
recipe presented in [103].

The trigger signal efficiency has been calculated running on a fixed PU
signal sample, using the Wilson formula [10T],

:er% t/ £, + 100
2+1 241

, (4.5)

with ¢ = 1 indicating the parameter to define the 1o distribution quantile,
which for n >> 1 converge to the gaussian ones. In this equation f = z/n,
where x is the number of events accepted by a fixed trigger selection and n
is the total number of events considered (in this case the number of events in
the dataset with one 7 — 3 decay).

On the other hand, the trigger rate of a selection has been calculated
running on a minimum bias dataset which has the same pileup condition found
in the signal sample, used to determine the signal efficiency of the considered
selection. The trigger rate and its error are again calculated using the Wilson
formula to determine the fraction of accepted events and multiplying it by
31.039 MHz. This last value is indeed the average collision rate that is obtained
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multiplying the number of bunches used in the filling scheme of the LHC
(2760), by the LHC orbit rate 11.246 kHz.

The numerous combinations of cuts investigated, involving different object
combinations, range from a few hundred Hz to several MHz, In Fig. is
illustrated the span in efficiency and rate, for implemented selections involv-
ing 3 TkMuons, where each point represents the trigger rate and efficiency
obtained for a different selection.

t-->3u triggers: 3 TkMuons
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Figure 4.25: Trigger rate and efficiency obtained for selections using 3 Tk-

Muons at PU = 200. Each point represents the trigger rate and efficiency for
a different selection.

Since a single trigger path is not authorised to use too much bandwidth
of the trigger system, to allow the implementation of many algorithms in the
menu, it is common practice to develop triggers whose rate is of the order of
few kHz (< 10kHz). In this optic, in the following sections only this kind of
results will be illustrated, being the most profitable ones.

4.6.1 Visualization of results

The most handful way to visualize data is to display the variation of cuts one
by one, looking at the corresponding obtained rate and efficiency. For example,
this strategy is illustrated in Fig. [4.26] where the selections involving 3 EMTF
tracks with a fixed cut on AR radius range and varying p;, quality and charge
cuts are reported.
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Figure 4.26: Triple EMTF selections with fixed AR radius flag DeltaR2, and

different p;, quality and charge cuts. On the x-axis is reported an index which
corresponds to a particular combination of p; cuts, explained in Tab. [A.1}
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This kind of visualization is effective to scan the variation of parameters
one by one but allows to show only a limited amount of results. For this
reason, it has been chosen to have visualizations providing only the maximum
efficiency selection in a fixed trigger rate range. In particular, the following
results will be presented:

« a summary of the results for each of the analysed categories, in the rate
region R < 10kHgz;

« a summary of the results obtained for the three selection categories with
the highest efficiency in the rate region R < 10kHz;

o a summary of the results obtained in general in the rate region R <
10kHz.

4.6.2 Summary of results for each category
For each category two different kinds of data can be presented:

 the results obtained in a fixed PU condition for different diff DR values
(the diff DR parameter was implemented not for all the categories);

« the results obtained with a fixed diffDR parameter value varying the PU
condition.

In the following plots are reported in particular the maximum number of
triggerable signal events for each category in the rate region R < 10kHz,
with their respective trigger rate. This number is obtained by multiplying the
signal efficiency for the number of events expected in an integrated luminosity
[ Ldt =3000fb"" for B(T — 3u) = 2.1-107%, which is equal to 1.22 - 10°, as
explained in section [4.2]

Fixed PU condition, variation of diff DR parameter. Fig. .27 shows
the results obtained for PU = 200 varying the diff DR parameter, that has
been implemented not for all the categories reported in the plot. The cat-
egories where this parameter does not act are tripleME(Q (using 3 MEO seg-
ments), tripleEMTF (3 EMTF tracks), tripleTK (3 TkMuons), double EM TF-
singleMEO (2 EMTF tracks and 1 MEO segment) and single EM TFdouble MEO
(1 EMTF track and 2 MEO segments) (section [4.5.3.5)). In particular, it can
be observed that the categories collecting the highest number of events are
triple TK, doubleEMTFsingle MEO and singleEMTFdouble MEQ. The presence
of MEO in these three categories is indeed significant, since MEO is the most
forward installed station, pointing out as the extension of the CMS accep-
tance offered by MEO plays a significant role in the detection of the 7 — 3u
channel. In particular, for these three categories, the diffDR has not been
implemented, but indeed this parameter has not a very big impact in terms
of signal efficiency neither in the other categories.
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Fixed diff DR parameter, variation of PU condition. Fig. shows
the results obtained for each category for pileup conditions PU = 140 and
PU = 200, and with diffDR set to 0.001. Also in this case, it can be noticed
as the most profiting categories are tripleTK, doubleEMTFsingleMFEQ and

single EMTFEFdouble MEO.

4.6.3 Summary of results for three most profitable cat-
egories

As mentioned before, the categories able to collect the highest number of
events in the trigger rate region R < 10kHz are triple TK, doubleEM TFsin-
gleMEQO and single EMTFdoubleMFEO. In this section, the results obtained for
these three categories will be illustrated, dividing the 10kHz rate region in
500 Hz slices and reporting for each of them the selection with the highest
signal efficiency (highest number of triggerable signal events).

« Results for category singleEMTFdoubleMEQ: in Fig. [£.29 the sig-
nal efficiency and number of triggerable signal events obtained for the
selections belonging to the category singleEMTFdouble MEO, for each
500 Hz slice in the trigger rate region R < 10kHz are respectively
reported. All the details on selections are illustrated in Tab. for
PU = 140 and in Tab. [A.3 for PU = 200.

» Results for category doubleEMTFsingleMEQ: in Fig. [4.30] the sig-
nal efficiency and number of triggerable signal events obtained for the
selections belonging to the category doubleEMTFsingleMFEO, for each
500Hz slice in the trigger rate region R < 10kHz are respectively
reported. All the details on selections are illustrated in Tab. for
PU = 140 and in Tab. [A.5] for PU = 200.

+ Results for category tripleTK: in Fig. the signal efficiency and
the number of triggerable signal events obtained for the selections be-
longing to the category triple TK (using triplets of TkMuons), for each
500 Hz slice in the trigger rate region R < 10kHz are respectively re-
ported. All the details on selections are illustrated in Tab. for
PU = 140 and in Tab. [A.7 for PU = 200.

It can be noticed as the maximum efficiency selection at low rate in-
volve the invariant mass cut (Mass flag in the path), while for the other
500 Hz slices the maximum profitable selections involve the AR radius
cut (DeltaR flag in the path).

This category is also the one providing the maximum number of trigger-
able events in each 500 Hz slice in the rate region R < 10 kHz. The maxi-
mum efficiency values reached respectively for PU = 140 and PU = 200
are epy—140 = 4.75 + 0.07% and eppy—_o00 = 3.71 £ 0.06%. On the other
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hand the triggerable events are respectively Npy—_149 = 5780 4 330 and
Npy—o00 = 4520 £ 260. Finally, the corresponding rates for these trigger
paths are Rpy—140 = 9.70 £ 0.25 kHz and Rpy—s99 = 8.80 4+ 0.23 kHz.

4.6.4 Comparison between similar cuts

In this section a comparison between cuts that are used alternatively (when
one is used the other is deactivated) will be presented. These are:

« the cuts on the objects mutual distance performed on AR radius (sec-
tion and on the An — A¢ separation (section , identified
respectively with DeltaR and Chi flags. These are used alternatively in
categories triple MEO, tripleME11 and tripleME21.

o the cuts on the AR radius and invariant mass for TkMuons in the
tripleTK category, identified respectively by the flags DeltaR and Mass.

Comparison between AR radius and An—A¢ cuts. A representation of
the selection which collected the maximum number of events in the rate region
R < 10kHz for the category tripleMEQ (using triplets of MEO segments) is
reported in Fig. [£.32h. Here it can be observed as, for PU = 140, the number
of triggerable events obtained from the DeltaR-flagged cuts reaches higher
values than those obtained from the selections using Chi-flagged cuts: the
number of triggerable events remains anyway pretty low, ~ 470 events, with
respect to the number of triggerable events offered by the other categories.

On the other hand, for PU = 200 the two classes of cuts achieve almost
the same results, with a number of triggerable events always below ~ 360
events.

This kind of investigation has been performed also for the tripleME11 and
tripleME21 categories:

o for category tripleMFE11 no selection was found in the rate region
R < 10kHz;

o for category tripleMFE21 only selections involving the Chi-flagged cuts
have been found in the rate region R < 10kHz, and not selections in-
volving the DeltaR cut. The number of events remains anyway below

100 events (Fig. [4.32pb).

Comparison between AR radius and invariant mass cuts. Only for
the tripleTK category a comparison is available between the performance
offered by the selections involving, in alternative ways, cuts on the separation
given by the AR radius and on the invariant mass of triplets of TkMuons,
since the invariant mass cut has been implemented only for TkMuons. The
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comparison among them is illustrated in Fig. £.33] where it can be observed
as, both for PU = 140 and PU = 200, the DeltaR-flagged cuts can select
a higher number of signal events, apart from the low rate region, where the
Mass-flagged cuts show a better result.

4.6.5 Logical OR among the three best categories

The maximum efficiency paths identified for the three best performing cate-
gories, reported

e in Tab. and Tab. for single EMTFdouble MEO,
o in Tab. and Tab. for doubleEM TF'single MEO,
o in Tab.[A.6land Tab. [A7] for tripleTK,

are used as input of a logical OR procedure between 2 trigger paths at a time
of these categories, to see if a higher number of events could be obtained,
keeping the trigger rate below 10kHz. The results obtained from the logical
OR are illustrated in Fig. [4.34], while the details of each selection in the plot are
reported in Tab. and Tab.[A.9] respectively for PU = 140 and PU = 200
conditions. In these tables, the trigger efficiency, the trigger rate and the
number of triggerable events are respectively indicated with ¢, R and N.

To give a final overall vision, a summary of the best results with rate
R < 10kHz is reported in Tab. [£.2I] In the first three lines, the highest
efficiencies performance offered by the three single categories are reported,
while in the last line the results obtained with the logical OR are shown. In
this context, it must be remembered that when an OR between two different
trigger paths is performed, both the efficiency and the rate increase, since
both the signal and background events collected by the two paths are joined.
In this way, the highest efficiency path with R < 10kHz, will be formed by
paths with a lower trigger rate. For example:

o for PU = 140, the OR path with the highest number of triggerable
events is characterised by Npy—149 = 66604380, €prr—140 = 5.47£0.07%
and Rpy—140 = 9.85 + 0.25kHz, and is composed by two trigger paths
which are characterised by:

— 1st path in OR: N; = 4790 + 280, ¢; = 3.93 + 0.06%, R, = 4.04 +
0.16 kHz,

— 2nd path in OR: Ny = 2140 + 130, ¢ = 1.75 & 0.04%, Ry =
5.84 + 0.19 kHz,

o for PU = 200, the OR path with the highest number of triggerable
events is characterised by Npy—g00 = 56304320, €prr—ogo = 4.62+0.07%
and Rpy—s00 = 9.90 = 0.25kHz, and is composed by two trigger paths
which are characterised by:
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— 1st path in OR: N} = 3730 4 220, ¢; = 3.06 4 0.05%, R, = 3.27 +
0.14kHz,

— 2nd path in OR: Ny, = 4090 + 240, e = 3.35 4+ 0.06%, Ry =
7.48 + 0.21 kHz.

The results reported in Tab. [4.21] as well as in Fig. [4.34] show a significant
increase in the number of triggerable events, with respect to what was obtained
with the single categories (section .

In addition, also a summary of the best results for the rate region
R < 1kHz is provided, in Tab. [£.22] This is indeed more interesting for
potential implementation since the required trigger rate bandwidth would be
much lower. It can be observed that the number of triggerable events for the
trigger OR at PU = 200 is lower than that obtained by the tripleTK cate-
gory: this result is expected, since, as previously mentioned, performing the
logical OR of two different trigger paths increases both the efficiency and the
rate, moving the particular trigger path in a higher rate region. Furthermore,
to produce the 1 kHz OR result, only 2 paths per category were used, due to
the used 500 Hz rate granularity. Using a lower granularity on a fixed 10 kHz
range for all the three best categories was indeed too computationally time
consuming in terms of combination of trigger paths that had to be elaborated.
In this way only the 0.0 — 0.5 kHz and 0.5 — 1.0 kHz maximum efficiency trig-
ger paths were used in the OR evaluation, limiting a lot the room for action.
Depending on the future bandwidth availability, a rate region of particular
interest will be analysed with a smaller granularity (for example the region
R < 1kHz), to provide a more refined vision.

The trigger paths used to compose the PU = 200 R < 1kHz trigger OR,
reported in the first line of Tab. [A.9] have indeed separately the following
performances:

o 1st path in the OR: ¢; = 1.93 £ 0.04%, R; = 0.47 & 0.05kHz, N, =
2350 = 140 (first line of Tab. [A.7);

e 2nd path in the OR: ¢, = 0.13 £ 0.01%, Ry = 0.43 £+ 0.05kHz, Ny =
154 + 16 (first line of Tab. [A.3).

4.6.6 Conclusion and future outlook

The results obtained from this study are only a first step in the direction of
implementing trigger algorithms exploiting the upgrades foreseen for Phase 2
and the installation of the GE1/1 and GE2/1 stations (increasing the redun-
dancy of the muon system), as well as MEO (in addition extending also the
coverage of the muon system up to |n| < 2.8).

To deploy the trigger algorithms and include them in a future trigger menu,
I plan to study their practical implementation using the most updated version
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Category PU = 140 PU = 200
e(%) R(kHz) N |e(%) R(kHz) N
singleEMTFdoubleMEO | 2.41 9.61 2930 | 1.27 8.87 1550
doubleEMTFsingleMEO | 2.28 9.91 2770 | 1.40 9.18 1710
tripleTK 4.75 9.70 5780 | 3.71 9.92 4520
3 best categories OR 5.47 9.85 6660 | 4.62 9.90 5630

Table 4.21: Summary of highest efficiency results obtained by categories
singleEMTFdoubleMFEO, doubleEMTFsingleMEO and tripleTK and by their
logical OR, in the rate region R < 10kHz. In the table are reported the trig-
ger efficiency (e), the trigger rate (R) and the number of triggerable events
(N) referred to 3000 fb™! integrated luminosity.

PU = 140 PU = 200
e(%) R(kHz) N |e(%) R(kHz) N
singleEMTFdoubleMEO | 0.47 0.92 574 | 0.25 0.96 301
doubleEMTFsingleMEO | 0.60 0.84 735 | 0.26 0.71 314
tripleTK 2.89 0.91 3520 | 2.19 0.93 2660
3 best categories OR 2.90 0.94 3530 | 2.05 0.90 2490

Category

Table 4.22: Summary of highest efficiency results obtained by categories
singleEMTFdouble MEO, doubleEMTFsingleMEO and tripleTK and by their
logical OR, in the rate region R < 1kHz. In the table are reported the trigger
efficiency (¢), the trigger rate (R) and the number of triggerable events (N)
referred to 3000 fb~" integrated luminosity.
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of the L1 trigger emulators, to build new trigger cuts, such as those involving
the muon separation.

The 7 — 3p channel is indeed an interesting case study for future de-
ployment of trigger algorithms involving physics channels with many muons
in their final states. Furthermore, its interest lies in the fact that it involves
objects concentrated mostly in the endcaps, where the background plays a
significant role in the signal selection, and finally the signal muons are char-
acterised by a low p.
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Figure 4.27: Maximum number of triggerable signal events (a) for selections
with a trigger rate R < 10 kHz. Their corresponding trigger rate is reported in
the plot (b). The total integrated luminosity considered is [ £ dt = 3000 fb™*,
and the pileup condition is PU = 200. In the plots the results for different
values of the diff DR parameter are shown. This parameter does not act on the
categories where it was not implemented: tripleMEQ, tripleTK, tripleEMTF,

doubleEMTFsingleMEQO and singleEMTFdoubleMEOQ.
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Figure 4.28: Maximum number of triggerable signal events (a) for selections
with a trigger rate R < 10kHz. Their corresponding trigger rate is reported
in plot (b). The total integrated luminosity considered is [ £ dt = 3000fb™",
and the diff DR parameter is set to 0.001. In the plots the pileup condition are
PU = 140 and PU = 200.
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Figure 4.29: Category singleEMTFdouble MEQ: maximum signal efficiency
(a) and number of triggerable signal events (b) in each 500 Hz slice for rate
R < 10kHz. The total integrated luminosity considered is [ £ dt = 3000 fb~".
The details on each point are reported in Tab. for PU = 140 and in
Tab. for PU = 200.
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Figure 4.30: Category doubleEMTFsingleMEQ: maximum signal efficiency
(a) and number of triggerable signal events (b) in each 500 Hz slice for rate
R < 10kHz. The total integrated luminosity considered is [ £ dt = 3000 fb~".
The details on each point are reported in Tab. [A4] for PU = 140 and in
Tab. for PU = 200.
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Figure 4.31: Category tripleTK: maximum signal efficiency (a) and number
of triggerable signal events (b) in each 500 Hz slice for rate R < 10kHz.
The total integrated luminosity considered is [ £dt = 3000 fb~'. The details
on each point are reported in Tab. for PU = 140 and in Tab. [A.7] for
PU = 200.
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4.6. Efficiency and rate results
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Figure 4.32: (a) Category tripleMEQ: comparison between the maximum
number of triggerable events per 500 Hz slice offered by the cuts on AR ra-
dius and on An—A¢ separation (identified with the flags DeltaR and Chi); (b)
Category tripleME21: comparison between the maximum number of trigger-
able events per 500 Hz slice offered by the cuts on AR radius and on An— A¢
separation with diff DR parameter set to 0.001, (indicated in the top right
part of the plot). The same result has been obtained also for the other diff DR
investigated values (0.01, 0.04, 0.07 and 0.10). In this case, only for the Chi-
flagged cuts results were found in the rate region R < 10 kHz. In both figures,
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both PU = 140 and PU = 200 pileup scenarios are reported.
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Figure 4.33: Category tripleTK: comparison between the maximum number
of triggerable events offered by the cuts on AR radius and on the invariant
mass of the TkMuon triplet (identified respectively with the flags DeltaR and

Mass).
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Figure 4.34: Summary of results obtained performing a logical OR between the

most proﬁcient trigger paths for PU = 140 (reported in Tab.[A.4] - Tab. |:

and

Tab. [A.€]) and for PU = 200 (reported in Tab. [A.F] Tab. [A.3]and Tab.[A7).
On the left is reported the signal efficiency, while on the right the number of
triggerable events, for a total integrated luminosity of 3000 fb~.
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Chapter

Conclusion

This thesis work concentrated mainly on three different aspects concerning
the upgrades for Phase 2 of the CMS muon system: the production and
installation of the first muon station using the GEM detector technology in
the CMS experiment (GE1/1), its commissioning and the study of trigger
algorithms for the Phase 2 upgrade, exploiting the installation of the new
GEM detector stations (GE1/1, GE2/1 and MEO).

The first topic described in the thesis is the production and validation of
the GE1/1 detectors: this activity was supported by a wide variety of quality
control tests, designed to ensure the correct operation of the detectors before
their delivery to the CMS experiment site. In particular, the work performed
on the electronics quality control (QC7) and on the cosmic stand (QCS8) is
presented; these protocols are the last quality controls performed at the CERN
assembly site before the shipment of Super-Chambers to the experimental site.

The installation of the GE1/1 chambers in the CMS experiment took place
since July 2019 and it was completed in September 2020. After this period,
the Super-Chambers commissioning inside the CMS experiment started, inte-
grating the chambers in the systems deputed to ensure its correct and smooth
operation in concert with the other CMS sub-systems. In this context, an
extensive study on the HV trips has been performed, to understand at best
the causes of occurrence of such phenomena and to adopt operation proce-
dures that reduce them as much as possible, such as the particular power on
ordering of the electrodes (HV training).

At the end of October 2021, CMS started the magnet commissioning and
the first test collisions of LHC took place: this provided new expertise to the
operation of the GE1/1 chambers in the magnetic field. In this context, I
have performed a study on the generation of short circuits in the GEM foil
HV sectors, highlighting their main context of creation: the variation of the
magnetic field. In December 2021 a campaign has started to understand in
a controlled B-field environment how to heal a short circuit only operating
on the HV supply line. Un-installing a detector is indeed not the correct
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5. Conclusion

choice, since it will not be feasible during the data taking runs. In addition, a
program of remapping of HV supply lines is ongoing, to operate the detectors
with shorts in case the healing procedure has not yet taken place.

Finally, in the last chapter, a study on trigger paths dedicated to the
7 — 3p decay channel is presented. This decay is of particular interest since
it is a Lepton Flavour Violating decay, representing a search for new physics
in the HL-LHC phase. In addition, it involves many low p; muons in the
final state. Most of them are reconstructed in the endcap region, where the
background plays an important role in signal selection. The work carried out
on the 7 — 3 channel could so become profiting also for other channels with
similar features.

The study has involved different objects, trying to profit from the CMS
Phase 2 detector upgrades, in particular the extension in n coverage of the
muon system (|n| < 2.8) and of the tracker (|| < 4). Many potentially
interesting trigger paths have been identified, involving objects reconstructed
in the tracker and in the muon stations, with a particular role of the new GEM
stations, leading to a significant increase in the selection potential, maintaining
a contained trigger rate.
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Appendix

Additional information about
the trigger study

A.1 Samples used in the trigger study

Here are listed the full names of the samples used in the study, which can be
found on CMS Data Aggregation Service (DAS).

Dy — Tv., T — 3 signal samples.
o Centrally produced samples:

— PUO (1.52-10° events): /DsToTauTo3Mu_ TuneCP5_14TeV-pythia8
/Phase2HLTTDRSummer20ReRECOMiniAOD-NoPU __111X_mcRun/_ realistic
_T15 vl _extl-vl/FEVT;

— PU140 (1.52 - 105 events): /DsToTauToSMu_ TuneCP5_1/TeV-
pythia8 /Phase2HLTTDRSummer20ReRECOMiniAOD-PU140_withNewMB__ 111X
__mcRun/__realistic_T15_vl_extl-vl/FEVT;

— PU200 (1.45 - 10° events): /DsToTauToSMu_TuneCP5_14TeV-
pythia8 /Phase2HLTTDRSummer20ReRECOMiniAOD-PU200 _withNewMB_ 111X
_mcRun4__realistic_T15 vl _extl-vl/FEVT.

o Private sample: PUO (8.51 - 10° events): /DsTau3Mu_ Phase2_GEN-
SIM/caruta-DsToTauTo3Mu_ Phase2 112X _mcRunj_ realistic_vj GEN-
SIM-DIGI-RAW-9683d33334181502dc70ae4e79574322/USER

Minimum bias samples.

o PU140 (4.98 - 10° events): /MinBias TuneCP5_ 1/ TeV-pythia8
/Phase2HLTTDRSummer20ReRECOMiniAOD-PU140_withNewMB 111X
_mcRung__realistic_T15 vl _extl1-v2/FEVT,
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A. Additional information about the trigger study

Py index Meaning p; index Meaning

1 2 2 2 GeV 29 3 5 20 GeV
2 2 2 3 GeV 30 3_5_50_GeV
3 2 2 5 GeV 31 310 _10_GeV
4 2 2 10 _GeV 32 3_10_20_GeV
5 2 2 20 GeV 33 3 10 50 GeV
6 2 2 50_GeV 34 32020 GeV
7 2 3 3 GeV 35 320 _50_GeV
8 2 3 5 GeV 36 3_50_50_GeV
9 2 3 10 _GeV 37 5.5 5 GeV

10 2 3 20 GeV 38 5 5 10_GeV
11 2 3 50_GeV 39 5 5 20 _GeV
12 2 5 5 GeV 40 5 5 50 GeV
13 2 5 10 GeV 41 5 10 _10_GeV
14 2 5 20 GeV 42 5 10 _20_GeV

15 2 5 50_GeV 43 5_10_50_GeV
16 2 _10_10_GeV 44 5 20 20 GeV
17 2 10 20 GeV 45 5 20 50 GeV
18 2 10 50 GeV 46 5 50 50 GeV
19 2_20_20_GeV 47 10_10_10_GeV
20 2 20_50_GeV 48 10_10_20_GeV
21 2 50 50 GeV 49 1010 50 GeV

22 3 3 3 GeV 50 10 20 20 GeV
23 3 3 5 GeV o1 1020 50 GeV
24 3 3 10 _GeV 92 10_50_50_GeV
25 33 20_GeV 93 20_20_20_GeV
26 33 50_GeV o4 20_20_50_GeV
27 3 5 5 GeV 95 2050 50 GeV
28 3 5 10 GeV o6 50_50_50 GeV

Table A.1: Meaning of each p, index for triple selections with a cut on p;,.

o PU200 (5.00 - 10° events): /MinBias TuneCP5_14TeV-pythia8
/Phase2HLTTDRSummer20ReRECOMiniAOD-PU200_withNewMB_111X
__mcRun/__realistic_T15_vl_ext1-v2/FEVT.

A.2 Main labels of p; cuts

In this study when in a selection involving three objects a cut on p; is designed,
an index is attached to the combination of p, thresholds acting on each object:
the first label corresponds to the threshold applied to the trailing p; object,
followed by the medium p; and then by the leading p; one. This convention
is fully explained in Tab.
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A.3. Details on trigger best categories

A.3 Details on trigger best categories

A.3.1 Details on singleEMTFdoubleMEO category

In Tab.[A.2for PU = 140 and in Tab. for PU = 200, all the details about
the selections which produced the results illustrated in Fig. are reported.

A.3.2 Details on doubleEMTFsingleMEO category

In Tab.[A.4]for PU = 140 and in Tab. for PU = 200, all the details about
the selections which produced the results illustrated in Fig. are reported.

A.3.3 Details on tripleTK category

In Tab.[A.6|for PU = 140 and in Tab. for PU = 200, all the details about
the selections which produced the results illustrated in Fig. are reported.

A.4 Details on trigger OR results

In Tab.[A.§for PU = 140 and in Tab. for PU = 200, all the details about
the selections which produced the results illustrated in Fig. are reported.
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A. Additional information about the trigger study

. . N events
Trigger path Efficiency Rate (Hz) (3000 )
Quality2ChargelDeltaR1[SegmMEOGeV_3_5_TkGeV_ 10] 0.0027 421 326
Quality2ChargeODeltaR1[SegmME0GeV_3_5_TkGeV_ 10] 0.0047 925 574
Quality2Charge2DeltaR1[SegmME0GeV_2_50_TkGeV_2] 0.0058 1430 707
Quality2Charge2DeltaR1[SegmME0GeV_ 2. 20_TkGeV_ 20] 0.0068 2000 829
Quality2Charge2DeltaR1[SegmME0GeV_ 2. 20_TkGeV_ 10] 0.0072 2140 876
Quality2Charge2DeltaR1[SegmME0OCeV_2_10_ TkGeV_ 20] 0.0103 2980 1260
Quality2ChargelDeltaR1[SegmME0GeV_2_10_ TkGeV_ 10] 0.0106 3480 1290
Quality2Charge2DeltaR1[SegmME0GeV_2_10_TkGeV_10] 0.0106 3520 1290
Quality2Charge0DeltaR1[SegmME0GeV_2_20_TkGeV_ 10] 0.0121 4300 1480
Quality1ChargeODeltaR1[SegmMEOGeV_3_3_TkGeV_ 20] 0.0099 4730 1210
Quality2Charge0ODeltaR1[SegmMEOCeV_2_20_TkGeV_ 2] 0.0162 5180 1980
Quality2ChargeODeltaR1[SegmME0GeV_ 2 10_ TkGeV_ 20] 0.0175 5840 2140
QualitylChargelDeltaR1[SegmME0GeV_2_20_TkGeV_2] 0.0147 6070 1790
Quality2Charge0DeltaR1[SegmMEO0GeV_2_10_TkGeV_10] 0.0180 6950 2200
Quality2ChargelDeltaR1[SegmMEOGeV_2_5_TkGeV_5] 0.0201 7210 2440
Quality2ChargelDeltaR1[SegmMEOCeV_2_5_TkGeV_ 2] 0.0208 7970 2540
Quality2Charge2DeltaR1[SegmME0GeV_2_5_TkGeV_ 2] 0.0209 8400 2550
Quality2Charge0DeltaR1[SegmME0GeV_2_10_TkGeV_2] 0.0205 8700 2500
Quality2Charge0DeltaR2[SegmME0GeV_2_20_TkGeV_ 2] 0.0148 9430 1800
Quality2ChargelDeltaR1[SegmME0GeV_2_3_TkGeV_ 50] 0.0241 9610 2930

Table A.2: Category singleEMTFdoubleMEQ: details on the selections that,
in PU = 140 conditions, achieved the maximum efficiency in 500 Hz slices with
trigger rate R < 10kHz. Inside the square brackets, the description of the p;
cut is reported, with the last number indicating the p; threshold for the EMTF
track involved in the selection, and the first and second numbers indicating
the p; (A¢ bending) threshold required on the MEO segments pair. The first
flag is applied to the segment with the highest bending in the pair (lowest p;),
while the second flag is applied to the segment with the lowest bending in the
pair (highest p;). The details on MEO A¢ thresholds are provided in section
M.5.1.1 In the last three columns the signal efficiency, the trigger rate and
the number of triggerable events in an integrated luminosity of 3000 fb™" are
reported.
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A.4. Details on trigger OR results

. . N events
Trigger path Efficiency Rate (Hz) (3000 )
Quality2Charge0DeltaR1[SegmME0OGeV_5_10_ TkGeV_ 2] 0.0013 432 154
Quality2Charge2DeltaR1[SegmME0GeV_3_5_TkGeV_ 10] 0.0025 960 301
Quality2ChargeODeltaR1[SegmMEOGeV_3_20_ TkGeV_ 2] 0.0034 1430 413
Quality2Charge0DeltaR1[SegmME0GeV_3_5_TkGeV_ 10] 0.0047 1980 572
Quality2ChargelDeltaR1[SegmMEOGeV_3_3_TkGeV_ 2] 0.0042 2280 510
Quality2ChargelDeltaR1[SegmME0CeV_2_50_TkGeV_ 10] 0.0059 2810 715
Quality2ChargeODeltaR1[SegmME0GeV_3_5_TkGeV_ 2] 0.0061 3320 741
Quality2ChargeODeltaR1[SegmME0GeV_3_3_TkGeV_ 20] 0.0066 3950 810
Quality2Charge2DeltaR1[SegmME0GeV_2_20_TkGeV_ 10] 0.0072 4260 871
Quality2ChargelDeltaR1[SegmME0GeV_2_20_TkGeV_ 10] 0.0074 4720 902
Quality2ChargeODeltaR1[SegmMEOCeV_2_50_TkGeV_ 10] 0.0101 5410 1230
Quality2Charge2DeltaR1[SegmME0GeV_2_ 10_ TkGeV_ 20] 0.0102 5810 1250
Quality2ChargelDeltaR1[SegmME0GeV_2_10_TkGeV_ 20] 0.0107 6070 1310
Quality2Charge2DeltaR1[SegmMEO0GeV_2_10_TkGeV_10] 0.0105 6980 1280
Quality1Charge2DeltaR1[SegmME0GeV_2_50_TkGeV_ 50] 0.0090 7450 1100
Quality2ChargelDeltaR1[SegmME0CeV_2_10_TkGeV_ 10] 0.0111 7590 1350
Quality2ChargeODeltaR1[SegmME0GeV_ 2_ 20 TkGeV_ 20] 0.0119 8330 1450
Quality2Charge0DeltaR1[SegmME0GeV_2_20_TkGeV_10] 0.0127 8870 1550
Quality2ChargelDeltaR1[SegmMEOGeV_2_10_TkGeV_ 2] 0.0124 9180 1520
Quality2Charge2DeltaR2[SegmME0GeV_2_20_TkGeV_ 2] 0.0091 9900 1110

Table A.3: Category singleEMTFdoubleMEQ: details on the selections that,
in PU = 200 conditions, achieved the maximum efficiency in 500 Hz slices with
trigger rate R < 10kHz. Inside the square brackets, the description of the p;
cut is reported, with the last number indicating the p; threshold for the EMTF
track involved in the selection, and the first and second numbers indicating
the p; (A¢ bending) threshold required on the MEO segments pair. The first
flag is applied to the segment with the highest bending in the pair (lowest p;),
while the second flag is applied to the segment with the lowest bending in the
pair (highest p;). The details on MEO A¢ thresholds are provided in section
M.5.1.1 In the last three columns the signal efficiency, the trigger rate and
the number of triggerable events in an integrated luminosity of 3000 fb™" are
reported.
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A. Additional information about the trigger study

. . N events
Trigger path Efficiency Rate (Hz) (3000 H )
Quality2Charge2DeltaR1[TkGeV_3_5_SegmME0GeV_ 2] 0.0027 414 326
Quality2Charge2DeltaR1[TkGeV_2_50_SegmME0GeV_2] 0.0060 844 735
Quality2Charge2DeltaR2[TkGeV_ 2 50_SegmME0GeV_ 2] 0.0066 1360 803
Quality2Charge2DeltaR1[TkGeV_2_20_SegmME0GeV_ 2] 0.0105 1870 1280
Quality2Charge2DeltaR1[TkGeV_ 2 10_SegmME0GeV_ 2] 0.0111 2400 1360
Quality2Charge2DeltaR3[TkGeV_2_50_SegmMEOGeV_ 2] 0.0086 2970 1050
Quality2Charge2DeltaR2[TkGeV_2_20_SegmME0GeV_2] 0.0134 3330 1630
Quality2Charge2DeltaR2[TkGeV_ 2 10_SegmME0GeV_ 5] 0.0143 3930 1740
Quality2Charge2DeltaR2[TkGeV_ 2 10_SegmME0GeV_ 2] 0.0145 4020 1760
Quality0Charge2DeltaR1[TkGeV_3_5_SegmME0GeV_ 10] 0.0063 4910 767
Quality2Charge2DeltaR1[TkGeV_2_5_SegmME0GeV_ 2] 0.0158 5380 1920
Quality1Charge2DeltaR2[TkGeV_2_50_SegmME0GeV_2] 0.0129 5870 1570
Quality2Charge2DeltaR4[TkGeV_ 2 20 SegmME0GeV_ 20] 0.0119 6500 1450
Quality2Charge2DeltaR4[TkGeV_2_20_SegmME0GeV_ 2] 0.0122 6670 1490
Quality2Charge2DeltaR6[TkGeV_2_50_SegmME0GeV_ 2] 0.0111 7040 1330
Quality2Charge2DeltaR3[TkGeV_2_20_SegmMEOGEV_2] 0.0178 7940 2170
Quality1Charge3DeltaR1[TkGeV_3_3_SegmME0GeV_ 20] 0.0045 8230 543
QualitylCharge2DeltaR3[TkGeV_3_3_SegmME0GeV_2] 0.0105 8930 1280
Quality2Charge2DeltaR2[TkGeV_2_5_SegmME0GeV_ 10] 0.0218 9310 2660
Quality2Charge2DeltaR2[TkGeV_2_5_SegmME0GeV_ 5] 0.0228 9910 2770

Table A.4: Category doubleEMTFsingleMEQ: details on the selections that,
in PU = 140 conditions, achieved the maximum efficiency in 500 Hz slices
with trigger rate R < 10kHz. Inside the square brackets the description of
the p; cut is reported, with the first and second numbers indicating the p;
threshold applied respectively on the trailing and leading p, tracks in the pair
of EMTF tracks involved in the selection, and the last number indicating the
pt (A¢ bending) threshold required on the MEO segment. The details on MEO
A¢ thresholds are provided in section [1.5.1.1 In the last three columns the
signal efficiency, the trigger rate and the number of triggerable events in an
integrated luminosity of 3000 fb™! are reported.
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A.4. Details on trigger OR results

. . N events
Trigger path Efficiency Rate (Hz) (3000 H )
Quality2Charge2DeltaR1[TkGeV_3_20_SegmMEOGeV_ 2] 0.0009 245 109
Quality2Charge2DeltaR1[TkGeV_3_5_SegmME0GeV_2] 0.0026 705 314
Quality2Charge2DeltaR1[TkGeV_3_3_ SegmME0GeV_ 2] 0.0037 1210 448
Quality2Charge2DeltaR1[TkGeV_2_50_SegmME0GeV_ 2] 0.0057 1860 691
Quality2Charge2DeltaR3[TkGeV_3_5_SegmME0GeV_ 2] 0.0034 2300 418
Quality1Charge2DeltaR3[TkGeV_5_5_SegmME0GeV_ 2] 0.0017 2720 212
Quality2Charge2DeltaR2[TkGeV_2_50_SegmME0GeV_2] 0.0067 3070 811
Quality2Charge2DeltaR4[TkGeV_3_3_ SegmME0GeV_ 2] 0.0032 3590 390
Quality2Charge2DeltaR1[TkGeV_2_20_SegmME0GeV_ 2] 0.0098 4200 1200
Quality2Charge2DeltaR1[TkGeV_2_10_SegmME0GeV_ 10] 0.0102 4940 1240
Quality2Charge2DeltaR1[TkGeV_ 2 10_SegmMEOGeV_ 2] 0.0105 5130 1280
Quality2Charge2DeltaR4[TkGeV_2_50_SegmME0GeV_2] 0.0054 5560 662
Quality2ChargelDeltaR1[TkGeV_3_3_ SegmME0GeV_ 2] 0.0026 6070 313
Quality2Charge2DeltaR3[TkGeV_2_50_SegmME0GeV_ 2] 0.0087 6770 1060
Quality2Charge2DeltaR2[TkGeV_2_20_SegmME0GeV_ 20] 0.0126 7490 1530
Quality2Charge2DeltaR2[TkGeV_2_20_SegmME0GeV_ 2] 0.0129 7800 1570
Quality1Charge2DeltaR4[TkGeV_3_5_SegmME0GeV_ 2] 0.0044 8400 541
Quality2Charge2DeltaR2[TkGeV_2_10_SegmME0GeV_ 10] 0.0137 8920 1670
Quality2Charge2DeltaR2[TkGeV_2_10_SegmME0GeV_ 2] 0.0140 9180 1710
Quality0Charge2DeltaR1[TkGeV_3_5_SegmMEO0GeV_10] 0.0067 9960 820

Table A.5: Category doubleEMTFsingleMEQ: details on the selections that,
in PU = 200 conditions, achieved the maximum efficiency in 500 Hz slices
with trigger rate R < 10kHz. Inside the square brackets the description of
the p; cut is reported, with the first and second numbers indicating the p;
threshold applied respectively on the trailing and leading p, tracks in the pair
of EMTF tracks involved in the selection, and the last number indicating the
pt (A¢ bending) threshold required on the MEO segment. The details on MEO
A¢ thresholds are provided in section [1.5.1.1 In the last three columns the
signal efficiency, the trigger rate and the number of triggerable events in an
integrated luminosity of 3000 fb™! are reported.

199



A. Additional information about the trigger study

. . N events
Trigger path Efficiency Rate (Hz) (3000 fb1)
Quality0Charge0Mass2VtxZ0[2_3_3GeV] 0.0239 377 2910
Quality0Charge0ODeltaR1VtxZ0[2_3_3CeV] 0.0289 913 3520
Quality0ChargelDeltaR3VtxZ0[2_3_5GeV] 0.0265 1270 3230
Quality1ChargelDeltaR1VtxZ0[2_2_3CeV] 0.0290 1970 3530
Quality0ChargeODeltaR2VtxZ0[2_3_ 3GeV] 0.0302 2470 3680
Quality0ChargelDeltaR1VtxZ0[2_2_3CeV] 0.0335 2560 4080
Quality0ChargeODeltaR1VtxZ0[2__2_3GeV] 0.0343 3090 4170
Quality0ChargeODeltaR5VtxZ0[2__3_5GeV] 0.0362 3980 4420
Quality0ChargelDeltaR3VtxZ0[2__3_3CeV] 0.0393 4040 4790
Quality0ChargeODeltaR3VtxZ0[2_3_3GeV] 0.0412 4920 5020
Quality1ChargelDeltaR4VtxZ0[2_3_3CeV] 0.0351 5060 4280
Quality0ChargeODeltaR7VtxZ0[2__3_5GeV] 0.0369 5580 4500
Quality1Charge0DeltaR4VtxZ0[2_3_3CeV] 0.0375 6240 4560
Quality0Chargel DeltaR4VtxZ0[2_3_3GeV] 0.0416 6730 5070
Quality0Charge0DeltaRAVtxZ1[2_3_3CeV] 0.0390 7410 4750
Quality1ChargelDeltaR5VtxZ0[2_3_3CeV] 0.0444 7780 5400
Quality0Charge0DeltaR4VtxZ0[2_3_3CeV] 0.0443 8420 5390
Quality0Charge0DeltaR5VtxZ0[2_2_5CeV] 0.0408 8690 4970
Quality0Chargel DeltaR5VtxZ1[2_3_3GeV] 0.0464 9050 5650
Quality1ChargeODeltaR5VtxZ0[2__3_3CeV] 0.0475 9700 5780

Table A.6: Category tripleTK: details on the selections that, in PU = 140
conditions, achieved the maximum efficiency in 500 Hz slices with trigger rate
R < 10kHz. Inside the square brackets the description of the p; cut is reported,
with the first, second and third number indicating the p;, threshold applied
respectively on the trailing, medium and leading p; tracks in the triplet of
TkMuons involved in the selection. In the last three columns the signal effi-
ciency, the trigger rate and the number of triggerable events in an integrated
luminosity of 3000 fb™" are reported.
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A.4. Details on trigger OR results

. . N events
Trigger path Efficiency Rate (Hz) (3000 fb1)
Quality0ChargelMass1VtxZ0[2_3_3GeV] 0.0193 469 2350
Quality0ChargelDeltaR1VtxZ0[2_3_5CeV] 0.0219 929 2660
Quality0Chargel Mass2VtxZ0[2_3_3GeV] 0.0237 1480 2890
QualityOChargeOMass2VtxZ0[2_3_ 3GeV] 0.0240 1710 2920
Quality1ChargelDeltaR1VtxZ1[2_3_3GeV] 0.0240 2230 2920
Quality0ChargelDeltaR1VtxZ1[2_3_3GeV] 0.0275 2900 3350
Quality0ChargelDeltaR1VtxZ0[2_3_3CeV] 0.0306 3270 3730
Quality0ChargeODeltaR1VtxZ0[2_3_3CeV] 0.0312 3800 3800
Quality0ChargelDeltaR2VtxZ1[2_2_5CeV] 0.0225 4050 2740
Quality0ChargelDeltaR3VtxZ0[2_3_5GeV] 0.0316 4510 3850
Quality0Charge0DeltaR3VtxZ0[2_3_5GeV] 0.0331 5380 4030
Quality1ChargelDeltaR4VtxZ0[2_3_5GeV] 0.0284 5560 3470
Quality1ChargelDeltaR2VtxZ0[2_3_3CeV] 0.0302 6330 3680
Quality1ChargeODeltaR4VtxZ0[2_3_5GeV] 0.0302 6690 3680
Quality0ChargelDeltaR4AVtxZ0[2_3_5CeV] 0.0335 7480 4090
Quality1ChargelDeltaR5VtxZ1[2_3_5GeV] 0.0332 7660 4050
Quality0ChargelDeltaR2VtxZ0[2_3_3GeV] 0.0351 8470 4270
Quality1ChargelDeltaR5VtxZ0[2_3_5CeV] 0.0371 8800 4520
Quality0ChargeODeltaR4VtxZ0[2_3_5GeV] 0.0357 9020 4350
QualityOChargeODeltaR2VtxZ0[2_3_3CeV] 0.0363 9920 4430

Table A.7: Category tripleTK: details on the selections that, in PU = 200
conditions, achieved the maximum efficiency in 500 Hz slices with trigger rate
R < 10kHz. Inside the square brackets the description of the p; cut is reported,
with the first, second and third number indicating the p;, threshold applied
respectively on the trailing, medium and leading p; tracks in the triplet of
TkMuons involved in the selection. In the last three columns the signal effi-
ciency, the trigger rate and the number of triggerable events in an integrated
luminosity of 3000 fb™" are reported.
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Trigger path e(%) R (Hz) N
tripleTK_QOCOM2V0:2_3_3GeV_OR_tripleTK_QOCODRIV0:2_3_3GeV 2.90 938 3530
tripleTK_ QOCODR1V0:2_3_3GeV_OR_ singleEMTFdoubleME0Q2C1DR1:SegmMEOCGeV_3_5_TkGeV__10 3.12 1330 3800
tripleTK_ QOCODR1VO0:2_3_3GeV_OR._ tripleTK_QOC1DR3V0:2_3_5GeV 3.49 1870 4250
tripleTK_ QOCOM2V0:2_3_3GeV_OR_ tripleTK_QOCODR2V0:2_3_3GeV 3.44 2470 4190
tripleTK_QOCIDR3V0:2_3_5GeV_OR._tripleTK_QICIDR1V0:2_2_3GeV 3.78 2970 4610
tripleTK__QOCIDRIVO0:2_2_3GeV_OR_ doubleEMTFsingleMEOQ2C2DR1: TkGeV_ 2 50_SegmME0GeV_ 2 3.83 3400 4670
tripleTK_QOCIDR1V0:2_2_3GeV_OR_ tripleTK_QOCIDR3V0:2_3_5GeV 3.94 3520 4800
tripleTK_QOCOM2V0:2_3_3GeV_ OR._ tripleTK_QOCODR5V0:2_3_5GeV 4.30 4280 5230
tripleTK_ QOCODR1V0:2_3_3GeV_OR._ tripleTK_ QOCODR5V0:2_3_5GcV 4.42 4500 5380
tripleTK_ QOC1DR3V0:2_3_3GeV_OR._ doubleEMTFsingleMEOQ2C2DR2: TkGeV_2_50_SegmME0OGeV_ 2 4.43 5370 5400
tripleTK_ QOCODR5V0:2_3_5GeV_OR._tripleTK_Q1C1DRIV0:2_2_3CGeV 4.75 5650 5780
tripleTK_ QOCODR5V0:2_3_5CGeV_OR_ tripleTK_QOCIDRIV0:2_2_3GeV 4.91 6200 5980
tripleTK_ QOCODR1VO0:2_2_3GeV_ OR_ tripleTK_QOCODR5V0:2_3_5GeV 4.95 6670 6030
tripleTK_ QOCODR7V0:2_3_5GeV_OR._ tripleTK_ QICIDR1VO0:2_2_3GeV 5.13 7260 6250
tripleTK_ QOCODR7V0:2_3_5GeV_OR._ tripleTK_QOC1DRIV0:2_2_3GeV 5.37 7810 6540
tripleTK_ QOCODR1V0:2_2_3GeV_OR._ tripleTK_ QOCODR7V0:2_3_5GeV 5.42 8280 6600
tripleTK_QOCODR3V0:2_3_3GeV_OR_ tripleTK_QOCODR7V0:2_3_5GeV 5.46 8960 6640
tripleTK_ QOC1DR3V0:2_3_3GeV_OR_ singleEMTFdoubleME0Q2CODR1:SegmMEOGeV_2_20_ TkGeV_ 2 5.35 9190 6520
tripleTK_ QOC1DR3V0:2_3_3CGeV_OR._ singleEMTFdoubleME0Q2CODR1:SegmME0GeV_2_10_TkGev_20  D.47 9850 6660

Table A.8: Details on trigger path OR for PU = 140, performed using the most proficient trigger paths indicated in Tab. E
Tab. [A.4]and Tab. [A.6] In the path description, @ stands for Quality, C' for Charge, V' for VizZ, DR for DeltaR and M for
Mass. In the right columns are reported in order the signal efficiency e, the trigger rate R and the number of triggerable events
N, for a total integrated luminosity of 3000 fb~*.
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