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Abstract

The discovery of the Higgs boson at the LHC opens a new era of particle physics.
Higgs mechanism triggers the breaking of the Electroweak Symmetry and gen-
erates the mass of the fundamental particles. In addition, Higgs boson enjoys
a special status since it can be seen as a portal to dark matter. At this point ,
that the mass of Higgs boson is known, the studies focus on the measurements
of its properties with high accuracy. A key role oin these studies plays the Event
Reconstruction, which can be described as the process of exploiting electromag-
netic signals of the detectors in order to identify all the stable particles that are
taking place in a collision(event). The main goal of reconstruction is to associate
the collection of objects to particles, which are be used in a plethora of physics
analyses. As for the reconstruction of missing transverse momentum, which is
a very useful "tool” in particle physics, it requires a complete representation of
the interaction of interest and involves all subsystems of the detector. In these
studies, neutrinos are considered of a great importance due to the fact that they
cannot be directly measured by ATLAS detector. However, their presence can
be determined indirectly through the imbalance of the transverse momentum
of the components of the detected particles. In the Standard Model-framework
only the neutrinos escape all the detectors. However, in the BSM, the unde-
tected particles may be dark matter candidates.

This analysis aims at the extraction of information about the neutrino mass.
Neutrinos only interact via weak interactions. Their energy and momentum
cannot be measured directly and their presence affect the kinematics of the col-
lision. Therefore, an algorithm for invariant mass distribution in a search for
Higgs boson is developed. The invariant mass is calculated using the transverse
momentum of the visible decay products. Due to the fact that lepton multiplic-
ity leads to a mass shifting, this algorithm exploits the leptonic and semileptonic
decays of the H — bb decay, in order to provide information about the mass of
neutrino.
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In this thesis the following conventions are used:

e Natural units , which means that h=c=1

e Feynman Diagrams as visualization of processes. The x-axis represents
the time line, therefore anti-particles travel in the reverse time direction.



1 ATLAS EXPERIMENT

The Large Hadron Collider (LHC) at CERN, located at the Franco-Swiss border
near Geneva, is the world’s largest and most powerful accelerator. LHC, the
successor of LEP, extends the frontiers of particle physics since September, the
10*®, 2008. The Large Electron-Positron collider (LEP) at CERN started oper-
ating in 1989 and although Higgs boson wasn’t discovered at LEP, it predicted
that its mass should be larger than 114 GeV. In addition, the predecessor of
the LHC, Tetravon at Fermilab predicted that the Higgs boson mass must be
around 160GeV. By the time LEP and Tetravon stopped operating, in 2000 and
2011 respectively, they had already provided a plethora of precise measurements
for the confirmation of the Standard Model and they had paved the path for
new discoveries.

A new generation of studies has started with LHC. LHC is a 27klm long ring,
about 100m underground, which produces proton-proton collisions with a cen-
ter of mass energy up to 14 TeV. LHC consists of four main detectors, ATLAS,
CMS, ALICE and LHCb. Each one of them is specialized in different fields. As
for ATLAS experiment, it tests the predictions of the Standard Model, which
sets our current understanding of blocks of matter and their interactions.
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1.1 The design and goals of ATLAS

ATLAS(A Toroidal LHC ApparatuS) detector is a multipurpose detector,
with a symmetric cylindrical geometry, which aims at the same scientific goals
as the CMS experiment, using different technical solutions. ATLAS is com-
posed of several concentric subsystems and each of its subsystems is sensitive
to detect different particles produced in the collisions. The Inner Detector is
the innermost system to the interaction point and measures the trajectories of
the charged particles. The Calorimeter System, which surrounds the Inner De-
tector, measures the energy of electrons and photons. The outermost system is
the Muon Spectometer, which surrounds the calorimeter and is responsible for
the detections of the trajectories of muons.

Muon
Spectrometer

The dashed tracks

Electromagnetic
Calorimeter

Solenoid magnet
Ti
Tracking

" PixelSCT
detector

http://atlas.ch

Figure 1: The cut-away view of ATLAS Experiment

1.1 The design and goals of ATLAS

One may claim that the design of the experiments is determined primarily by
the physics goals. As for the ATLAS, its main goal is to find and measure the
properties of Higgs boson. The mass of the Higgs boson, one of the most im-
portant Higgs properties, plays an important role in its decays.

The studies of the light Higgs began at LEP, the ancestor of LHC, and all the
information came from the Higgs decay into two photons, H — ~~. Therefore,



1.1 The design and goals of ATLAS

the detectors were focused on the accurate photon identification and the deter-
mination of the photon energy. In contrast to the low mass Higgs, in the case,
where the Higgs boson is slightly heavier, it decays to two Z bosons. An even
heavier Higgs boson decays to WW or ZZ with final states involving jets and
neutrinos. In order to study the heavier Higgs boson, the final states must be
carefully studied. The missing transverse momentum is considered as one of
the most important variables in these studies. However, due to the fact that
neutrinos remain undetected the determination of their missing transverse mo-
mentum is far from trivial.

Another important goal of ATLAS is the the discovery of physics beyond the
Standard Model. Many supersymmetric models allow the decay of Higgs boson
into the lightest supersymmetric particle (LSP), resulting to a large missing
transverse momentum and a large multiplicity of jets and leptons in the final
state. However, the underlying decays suffer from very small cross sections and
therefore in order to balance the tiny cross-sections, a very large luminosity is
required. On the other hand, the high luminosity leads to the increase of pile-up
effects and therefore the interpretation of Physics signals beyond the Standard
Model can be tricky. In other words, high luminosity ”contaminates” the hard
scattering events with a plethora of other events. From a technical aspect, the
ATLAS detector requires radiation hard electronics and high granularity sen-
sors. One of the most important parts of the electronics system design is dealing
with the radiation effects. The design of radiation exposed electronics systems
branches into radiation-hardened and radiation tolerant design. In the case of
radiation hardened design, the devices and systems are not damaged by radia-
tion up to defined limits. However, a radiation hardened solution suffers from
a high set-up cost. Therefore it cannot be considered as a viable solution to
the radiation effects. In the case of the radiation tolerant design, the devices
and systems despite being susceptible to radiation, they do function in radiation
environments. In this case, the reduction of the consequences of the radiation
effects has a key role.

Two additional parameters, pseudo-rapidity n and the angle ¢, must be taken
into account for the design of ATLAS detectors. The role of these parameters
will be discussed later. However,it is considered of a great importance that they
must be as large and symmetric as possible.
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Figure 2: The ATLAS detector

The Inner Detector (ID)

The Inner tracking Detector (ID)is composed by three different systems of sen-
sors:

o The Silicon Pixel Detector (SPD)
o The Semiconductor Tracker (SCT)
o The Transition Radiation Tracker (TRT)

The ID is surrounded by a thin superconducting solinoid, which provides a mag-
netic field of 2T.

10



1.1 The design and goals of ATLAS
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Figure 3: The Inner Detector (ID)

1.1.1 The Silicon Pixel Detector

The Silicon Pixel Detctor is the innermost element of Inner Detector (ID) and it
is designed to provide high-precision and high granularity measurements. The
Pixel Detector plays an essential role in the vertex reconstruction, due to the
fact that Pixel detector is the closest element to the collision. Being the closest
element to the collision means that the Pixel Detector has suffered the most
of radiation, which damages the sensors. It consists of three barrel layers and
three disks on each side, and it covers a pseudorapidity range of |n| < 2.5. The
Pixel Detector is made of 1744 modules and provides about 80 million readout
channels.

1.1.2 The Semiconductor Tracker

Although the SCT uses the same detector principle, as the Pixel Detector, it
has a major difference. The SCT has stripes with silicon material and has a bi-

11



1.1 The design and goals of ATLAS

nary readout. It consists of 61m? of silicon-strip detector modules and normally
operates at —7C. Four cylindrical layers surround the Pixel Detector, each one
of the layers is 6.36 x 6.40cm? and 80m pitch. The crossing charged particle has
two readout signals, which leads to more precise measurements of the track of
the particle. The SCT covers a pseudorapidity range of |n| < 2.5 and provides
about 6.3 million readout channels.

1.1.3 The Transition Radiation Tracker(TRT)

The Transition Radiation Tracker is a drift-tube system and consists of 370000
drift-tubes, which called straws. Each straw has a 4mm diameter and in the
center of the straw is running a 30um diameter gold-plated anode wire. The
TRT has a barrel, which consists of three layers of 32 modules each and two end-
caps. Each straw is filled with a gas mixture based on Xenon(70%), CO2(27%)
and O2(3%). The transversing charged particles will ionize the gas. Therefore
the free charge will drift to the anode wire, where the signal measurement is
taking place. The TRT covers a pseudorapidity-range of |n| < 2.0.

Calorimetry System of ATLAS

Particles enter the ATLAS Calorimetry System after passing the Inner Detector
(ID). The ATLAS Calorimetry System consists of two parts: The inner electro-
magnetic calorimeter and the outer hadronic calorimeter. The EM Calorime-
ter of ATLAS is based on the Liquid Argon (LAr),which is used as an active
medium. It consists of a barrel and two end-caps and it covers a pseudorapidity
range of || < 1.475,1.375 < |n| < 3.2, respectively. The barrel and the two end-
caps have an accordion shape using lead as an absorbing material and copper
and kapton electrodes. The design of LAr focuses on searches for Higgs boson,
in which the final state consists of jets, missing energy photons and electrons.
Tile is the hadronic calorimeter of ATLAS and consists of a barrel and two
extended barrels. It uses iron plates as an absorbing material and plastic scin-
tillating tiles as the active material. The electromagnetic calorimeter with the
hadronic calorimeter provide precise measurements of hadrons, jets and missing
transverse momentum, which are used for jet-reconstruction.

Particles enter the ATLAS Calorimetry System after passing the Inner Detector
(ID). The ATLAS Calorimetry System consists of two parts:

o The Electomagnetic Calorimeter (EM Calorimeter)
o The Hadronic Calorimeter (Tile Calorimeter)

The inner electromagnetic calorimeter and the outer hadronic calorimeter.

12



1.1 The design and goals of ATLAS
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Figure 4: The cut-away of ATLAS Calorimeter

1.1.4 The Electomagnetic Calorimeter (EM Calorimeter)

The EM Calorimeter of ATLAS is based on The Liquid Argon (LAr),which is
used as an active medium. It consists of a barrel and two end-caps and cover
pseudorapidity range of || < 1.475, 1.375 < |n| < 3.2, respectively. The barrel
and the two end-caps have an accordion shape using lead as an absorbing ma-
terial and cooper and kapton electrodes. The design of LAr focuses on searches
for Higgs boson, in which the final state consists of jets, missing energy photons
and electrons. The high-granularity of the electromagnetic calorimeter provides
precise measurements of the energy of the particles. The particles interact with
the material of the detector through electromagnetic processes.

1.1.5 The Hadronic Calorimeter (Tile Calorimeter)

Tile is the hadronic calorimeter of ATLAS and it consists of a barrel and two
extended barrels. It uses iron plates as an absorbing material and plastic scin-
tillating tiles as the active material.

The electromagnetic calorimeter with the hadronic calorimeter provide precise

13



1.1 The design and goals of ATLAS

measurements f hadrons, jets and missing transverse momentum, which are used
for jet-reconstruction.

hadronic calorimeter

third layer /~
ApcAp=005x0.045

second layer
Anxbp=0025x0.0245

first layer (strips)
ApxAg=000B1x00% 4

presampler

TRT (73 layers)

beam axis pixels

beam spot
d

N\

insertable B-layer

Figure 5: The Calorimeter

The Muon Spectometer (MS)

Muons are particles that pass the Inner Detector and the Calorimeters un-
detected. Muon Spectrometer(MS) is the outermost element of ATLAS and
provides a momentum resolution Apr \ pr < 107%p \ GeV, for pr > 300GeV.
The Muon Spectrometer is composed by:

e The Thin Gap Chambers(TGC)
o The Resistive Plate Chambers(RPC)

14



1.1 The design and goals of ATLAS

o The Monitored Drift Tubes(MDT)
o The Cathode Strip Chambers(CSC)

Resistive plate chambers

MDT chambers

g

_ Barrel toroid
= coils

4 ? % J
e e =S =~ - < /
; s L~
. i i \ /\\
Inner detector 2 Calorimeters

X

Figure 6: The Muon Spectometer (MS)
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Figure 7: The Muon Spectometer (MS)

1.1.6 The Thin Gap Chamber(TGC)

The Thin Gap Chambers are multi-wire proportional chambers. They are po-
sitioned around the beam axis, in four planes and each chamber has a dou-
blet of two layers. The TGCs are filled with a gas mixture of CO2(52%) and
n—C5H12(45%). The TGSs provide a secondary measurement system for parti-
cle tracks and they are not physically connected to MDTs. There are two types
of TGCS, one one hand there is the doublet module, which has two wire layers
and on the other hand there is the triplet module, which has three wire layers.
Although these structures have different wire layers number, they both have
two strip layers.

1.1.7 The Resistive Plate Chamber(RPC)

The Resistive Plate Chambers are part of the trigger system of ATLAS on
MS, positioned around the beam axis, in three concentric layers. It consists
of two resistive plates, parallel to each other. The gap between the underlying
plates is approximatily 2mm and is filled with a non-flammable gas mixture of

16



1.1 The design and goals of ATLAS

CoHoFy(97%) and CyHy0(3%), with a total volume of 18m3. The RCP pro-
vides a typical resolution, with a digital readout and it uses no wires. The RCPs
provide are used for the muon reconstruction.

1.1.8 The Monitored Drift Tubes (MDT)

The Monitored Drift Tubes are gas fulled aluminum tubes of 30mm diameter
and 400um wall thickness. Along the center of the tube a 50um W-Re wire
runs, which acts as anode, while the surface of the tube acts as an cathode. The
MDT consists of 372000 tubes, with a total volume of 800m? and each tube
is filled with a non-flammable gas-mixture of Ar(91%),N — 2(4%), CH4(5%).
Passing charged particles ionize the gas and the free charge travels towards the
anode. The MDT provides precise measurements of tracks of muons (charged
particles).

1.1.9 The Cathode Strip Chamber (CSC)

The Cathode strip chambers are multi-wire proportional chambers, with 61440
cathode strips. The CSC are filled with a non-flammable gas mixture of Ar(30%),
CO2(50%), CF4(20%). The wires, which act as an anode, are oriented in the
radial direction and the strips, which act like a cathode, are perpendicular to
the wires. The CSCs are segmenteded into two wheels. Each wheel consists of
eight chambers. Due to the fact that the crossing muon will charge on several
strips, the underlying charges will provide the position of the muon.

The Magnet System of ATLAS is composed by:

o The Barrel Toroid (BT)
o The End-Cap Toroids (ECT)
o The Central Solinoid (CS)

1.1.10 The Barrel Toroid

The Barrel Toroid ,which is the largest magnet of ATLAS generates a toroidal
magnetic field. The advantage of the toroidal field is that its direction is per-
pendicular to the track of the particles. The BT consists of eight flat super-
conducting coils, which are cooled by circulating liquid helium in tubes. The
cooling circuits are in parallel. Each coil is 5m wide and 35m long, grouped in
a torus shape, which are kept in position by 16 rings.

1.1.11 The End-Cap Toroid

The End-Cap Toroids are constrained by the axial length of the detector and
the inner radius of the Barrel Toroid, and is responsible for providing the bend-
ing power of the detector. Each End-Cap consists of eight flat superconducting
racetrack coils, which assemble symmetrically the beam axis. The toroids pro-
vide the magnetic field for the muon detector. Each coil is approximately 5m
long and extends radially from 1.65m to 10.7m

17



1.1.12 The Central Solinoid

The central Solinoid (SC) provides an axial magnetic field of 2T. The SC is posi-
tioned in front of LAr, therefore the solinoid must me thin, in order to minimize
the interactions of particles with in coil. The CS is 5.3m long and its diameter
is 2.3m

2 The other major experiments of LHC

The experiments taking place at the LHC use various detectors in order to an-
alyze particles produced from the proton-proton collision. LHC has made some
groundbreaking discoveries for physics. The biggest experiments are ATLAS
and CMS, which are multipurpose detectors and have the same scientific goal,
the confirmation of the Standard Model. However, ATLAS and CMS analyze
data separately in order to cross-check the results. ALICE and LHCb focus on
specific phenomena. ALICE focuses on QCD and LHCb focuses on the b-quark.
Each one of the experiments mentioned above is distinct and uses its own de-
tectors.

While the majority of the researches at CERN focuses on the LHC, experiments
at other accelerators and facilities, the so-called non LHC experiments (COM-
PASS, Super Proton Synchroton (SPS, ISOLDE, nTOF etc.) are considered of
a great significance .

2.0.1 The CMS Experiment

The Compact Muon Solinoid (CMS ) is a general purpose detector with a sym-
metric cylindrical geometry. The central feature of CMS is the superconducting
solinoid magnet that provides a magnetic field of 3.8T. Inside the solinoid, the
closest subsystem to the collision is the Tracker System, consisted by the Sili-
con Pixel Detector and the Silicon Strip Tracker. Outside the Tracker System is
the Electromagnetic Calorimeter System, following by the Hadronic Calorime-
ter System. Outside the solinoid is the Muon System, which contains the drift
tubes, the cathode strips chambers and the resitive plate chambers. In addition,
two hadronic calorimeters are positioned at either end of CMS detector in order
to measure the particles with a trajectory close to the beam. As ATLAS, CMS
tests the predictions of the Standard Model, using different methods.

2.0.2 The ALICE Experiment

ALICE, which stands for A Large Ion Collider Experiment, is a heavy-ion de-
tector on LHC, and it is designed to focus on QCD and the strong interactions
of the Standard Model. ALICE detector is 26 m long, 16m wide and is build
56m below the ground. ALICE consists of 17 different subsystems. The central
part of ALICE experiment consists of the Inner Tracking System( ITS), which
contains six cylindrical layers of detectors, wrapped around the beam. In ad-
dition, ALICE consists of the Time Projection Chamber (TPC), which is the
main particle tracking detector of the experiment and the Transition Radiation

18



Detector (TRD), which distinguishes electron and positrons from other parti-
cles. Particles in ALICE are identified based on the time they need to cover the
distance from the collision point to the detector, therefore the Time of Flight
(TOF) is used. For the fast-moving particles the High Momentum Particle Iden-
tification (HMPID) is used. The Photon Spectometer (PHOS) is made of lead
tungstate crystals. This material is dense enough to stop the traveling photons.

2.0.3 The LHCb Experiment

In contrast to ATLAS and CMS detector, in the LHCb experiment the entire
collision is not surrounded by the detectors. Therefore, a series of subdetectors
is used. LHCD is a single-arm spectometer with a forward anglular coverage in
the range of (10-300)mrad. The geometry of the detector is justified by the fact
that both b and b are produced in the same forward and backward cone. In
additon, a dipole magnet is used in th LHCb experiment in order to measure
the momentum of the charged particles.

3 b-Tagging in ATLAS

b-Tagging is the identification of jets containing b-Hadrons and plays an essen-
tial tool for the LCH physics program. As an input, the b-tagging algorithms
take the trajectories of charged particles, reconstructed in the ID (Inner Detec-
tor). The identification of decays of B-Hadrons exploits the properties of the
hadrons produced. These properties are based on the lifetime and the mass
of the decay profucts. On one hand the relatively long lifetime of b-hadrons
is related to the measurable travel distance of the particles from the interac-
tion point, which gives rise to secondary vertices. And on the other hand, the
high mass of b-hadrons is related to decay products with large pr. Another
important issue that can be exploited in a wide range of studies is the fact that
b-hadrons also have a sizeable branching ratio for semileptonic decays.

The general strategy of b-tagging in ATLAS is to start from simple algorithms
that exploit a particular property and then progressively add more information
in order to build more complicated algorithms.

In ATLAS experiment, three basic b-tagging algorithms are used:

e The impact parameter algorithms: IP2D and IP3D
e The secondary Vertex Finding Algorithm: SV

e The Decay Chain Multi-Vertex Algorithm : JetFitter

The impact parameter algorithms: IP2D and IP3D

It is typical for b-hadrons to have at least one vertex displaced from the point,
where the hard-scattering collision took place. Therefore we consider: dy:the
distance of the closest approach in the r — ¢ plane of the track to the primary
vertex and zg sin #: the distance to the primary vertex in the longitudinal plane
at the point of closest approach in r — ¢. On the one hand the IP2D tagger
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uses the transverse impact parameter significance dg \ 0g4,, as discriminating the
variables, and on the other hand the IP3D tagger uses both the transverse and
the longitudinal impact parameter zosin 6 \ o, sino-

The secondary Vertex Finding Algorithm: SV

This algorithm reconstructs an inclusive displaced secondary vertex. The selec-
tion of events is a demanding process. On the one hand the highly energetic
jet, due to jet fragmentation suffer from high multiplicity of tracks which in-
creases the probability of reconstructing fake vertices. On the other hand the
jets with high pseudorapidity (|n| > 1.5) suffer from low track resolution and
an increased rate of hadronic interactions, due to the increasing amount of the
detector material.

The Decay Chain Multi-Vertex Algorithm : JetFitter

This algorithm is based on the topological structure of b and c-hadrons decays.
In contrast to SV algorithm, JetFitter reconstructs the full b-hadron decay
b—c—s

For more precised results the Multivariate Algorithm(MV2) it is used, which
combines the outputs of the three basic algorithms.

4 High Energy Physics(HEP)

High Energy Physics is one of the most promising fields in physics. HEP has set
the frontiers of our understanding of the universe. HEP experiments are taking
place in colliders and aim at producing particles in inelastic scattering events.
Therefore, the first step in this direction was the construction of a linear acceler-
ator. In these accelerators, charged particles based on the charge were injected
between two electrode plates which provided a potential. The positive charged
particles were injected in the anode, while the negative charged particles were
injected in the cathode. Therefore the charged particles where repelled and their
motion was governed by the Lorentz force, F, = q¢- E 4+ qu x B, where q is the
charge, E is the electric field, v is the velocity of the underlying charged particle
and B is the magnetic field. By the time that the accelerating particle reaches
the electrode carrying the opposite charge, the polarization is inverted and the
underlying process is repeated. Following this method, it can be reached a large
center-of mass-energy. However, a large center-of-mass-energy requires a huge
experimental setup facility.

In the case of the linear accelerator, the large facility was an obstacle. There-
fore, the circular accelerator (synchrotron) was proposed as an alternative. In
this case, magnets were used to bend(dipoles) and collimate(quadrupoles) the
beam. The momentum of the charged particles is given by :

p=0.32BR
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Where z is the charge of the particles, B is the magnetic filed strength and R is
the radius of the accelerator.

The limitation of this experimental setup is related to the radius of the accel-
erator. In addition, these experimental setups may suffer from a severe energy
loss. The synchrotron radiation is given by:

_ 2’E
AE = 3eg R(mpc?)4

From the underlying formula, it is obvious that the energy loss is decreased by
the increase of the radius of the synchrotron or the larger mass of the particle.
Based on the mass of the particles, the protons which are much heavier than
electron have a smaller energy loss in a given accelerator. However, one must
take into account that due to the fact that protons are composite particles, a
fraction of energy will be carried by the partons.

4.0.1 Luminosity and Pile-Up effects

Colliders are a useful tool for a plethora of studies and have been in the forefront
of HEP for over three decades. In particle physics experiments the center-of-
mass-energy, provided by colliding beams is the most important parameter.
Higher energies lead to more precise and detailed measurements for particles at
subatomic levels. Another important parameter is the number of the events that
are taking place in a collision. Luminosity measures the ability of an accelerator
to produce the required number of interactions per ¢m? and per second. The
integral of luminosity over the time, in which events are recorded, the so-called
integrated luminosity, characterizes the performance of the accelerator. There-
fore, the increase of luminosity is considered of great importance. In order to
reach higher luminosity, the beam needs to be more intense and focused or to
increase the number of bunches or the number of protons per bunch.

At the LCH, High-luminosity is considered as a major upgrade, due to the fact
that the increase of luminosity will allow more detailed studies. The plethora of
phenomena studied have a very low probability, therefore a very large amount of
data is needed to be collected. Therefore, one may claim that high Luminosity
leads to the increase of the volume of the data.

Due to high luminosity, multiple collisions per bunch are expected, the so-called
pile-up effect. Pile-up effects ”"contaminate” the data collected and therefore
the results. Pile-up effects branch into the in-time and out-of-time effects. On
one hand the in-time effects arise from additional proton collisions within a sin-
gle bunch crossing. And on the other hand, the out-of-time effects come from
signals of collisions in another bunch crossing. Out-of-time pile-up effects occur
when the integration time of the detector is much larger than the time between
crossings.

Due to pile-up effects, jet reconstruction at the LHC is far from being triv-
ial. Therefore, the metigation of pile-upeffects is required. In ATLAS, three
methods are used in order to mitigate the pile-up effect on jets, the topological
clustering, the event-by-event jet pile-up subtraction and the jet vertex tag-
ging pile-up suppression. The topological clustering aims on the decrease of
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the impact of the pile-up effect. While the other methods, they focus on the
corrections of jet kinematics and substructure variables.

In the topological clustering method, pile-up is considered a form of noise.
Therefore, calorimeter clusters from pile-up effects are suppressed before the jet
reconstruction. Different luminosity conditions lead to different pile-up effects,
which can affect the clusters. Therefore, an additional correction on jet-lever is
required.

The jet pile-up subtraction method focuses on the reduction of the global fluc-
tuations of pile-up effects in jets. In this case, the pile-up activity is measured in
the calorimeter on event-by-event basis. An additional jet-by-jet measurement
of pile-up effects is needed in order to take into account the impact of these
effects.

Jet vertex Tagging focuses on the local fluctuations of pile-up effets, as well
as from QCD. The JVT algorithm identifies and rejects the jets arising from
pile-up effects.

Another issue that must be taken into account is that pill up effects also con-
tribute to the energy of the event by forming new clusters and by overlapping
with signals arising from hard-scattering events. In addition, the cluster forma-
tion of pile-up effects requires signal above a certain threshold. Low energetic
pile-up signals may survive the noise suppression and contribute to the energy
of the underlying event.

The final state of the particle, as well as its kinematic properties are referred
to as the signature of the underlying particle. In addition, the kinematic and
dynamic properties of the particles referred to as topology. A final state con-
sisting of multiple hadronic jets is considered to have a more energetic topology.
In contrast to multiple jets in final state, a relative “clean” final state increases
the purity of the signature.

4.0.2 Monte Carlo Method (MC)

The Monte Carlo method provides a numerical method in order to solve mathe-
matical problems by modeling random generated numbers. Today Monte Carlo
enjoys a special status , due to the fact that it is applied in a very wide range of
fields. Monte Carlo Method branches into Monte Carlo Integration and Monte
Carlo Simulation. In particular, in collider physics Monte Carlo Method (MC)
is used for the prediction of the results of experiments and as well as for the esti-
mation variables that cannot be determined directly. Among other applications,
Monte Carlo Simulation is a very useful tool for estimation of the background.
As for the Monte Carlo Integration it is widely used for higher dimensional in-
tegrals. Due to the fact that MC is a numerical method, it is characterized by
a certain degree of uncertainty, which can be reduced by increasing the number
of the sample. In the Monte Carol method, all processes are normalized using
the most accurate theoretical predictions.

4.0.3 Proton-Proton Collision in LHC

The coordinate system in ATLAS forms a right-handed system. The beam
direction defines the z-axis and the x-y plane is transverse to the beam direction.
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The positive x-axis is defined to point from the point that the collision occurred
to the center of the LHC. The positive y-axis is defined to point towards the
surface of the LHC.

In a collision of two particles a number of secondary particles is produced. In
order to describe the angle between these particles and the beam axis we use
the pseudo-rapidity 7; , which is a spatial coordinate and is given by:

1+ cosb;
"= 1 — cosb;
or equivalently
1 Ipl+p- 4
n=z ln———=—In(tan(;
2 pl—p: (tan(3)

Where ¢ is the azimuthial angle, 8 is the polar angle and p the momentum in
the x-y plane.
We can also use rapidity which is given by:

E+p.
E_pz

y=In

It is obvious that in order to construct the rapidity, given the pseudo-rapidity,
only the mass of the particle (or equivalently the energy and the momentum) is
needed. Therefore, in order to compute the rapidity , the identification of the
particle is needed. The measurements of rapidity are usually more difficult than
the measurements of pseudo-rapidity.

However, in the realtivistic limit, where |p| > m pseudorapidity and rapidity
become one. The n = 0 corresponds to a vector pointing to the x-y(transverse)
plane and # = oo corresponds to a vector pointing to the positive beam-axis.
Another important quantity for the analyses is AR which is given by:

AR = /(An)* + (A¢)?

Which represents a cone with a radious of AR.

Cone algorithms are the most widely used algorithms for anlysis in ATLAS. In
these algorithms jets are defined by the dominant direction of energy flow. The
concept of the stable cone is based on fixed circle of radious R in the y—¢ plane.

The center of mass energy

Using the Mandelstam variable s, the energy in a collision between two particles
is given by:

s=(pi +p5)* = (Ea+ Ep)* — (pa+pp)*

Where p and p? are the four-momentum of particles A,B respectively. pa, Ea
and pp, Fp are the momentum and the energy of the the partcles A and B
respectiely.

The total energy is maximized in the center of mass, where py = —pp and
therefore:
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Vs=((Ea+EB)

4.0.4 The Sagitta Method

The momentum is one of the most important measurements in the studies. In
order to measure the momentum of the particles in ATLAS detector, the sagitta
method is introduced. Due to the strong magnetic field, the reconstructed tracks
of the charged particles exhibit a bending, which provides information about the
momentum of the particle. The motion of the charged particle is governed by
the Lorentz force Fy, = qu X E, where U is the velocity of the underlying parti-
cle, B is the magnetic field and q is the charge. The momentum of the charged
particle is given by:

p=03-B-R

The charged particle has a curved trajectory with length L and radius R. In
addition, the sagitta,s, of the underlying track is given by:

s = R(1 — cosa) ~ R§2 = %

As for the error processing of sagitta:

2
\(53\:§—R-‘%R

Protons in the LHC

Due to low energy loss of protons(compared to electrons) when they accelerate
and their ability to achieve high rates of collisions, LHC uses protons. Protons
are not elementary particles. Therefore, as the energy of protons increases, due
to the asymptotic freedom, the couplings between partons (gluons and quarks)
decrease. Therefore, partons move freely and independently within the proton.
For the description of the momentum of the partons the variable x is used, where
x is the fraction of the total momentum of the proton that is associated with
the corresponding parton. The Parton Distribution Functions (PDFs) are the
probability density functions of finding a parton with a x fraction of momentum,
at a given energy scale,Q2.

The PDFs play a significant role in scattering processes. They are used in order
to compute the cross-section of a given process.

For instance, the cross-section of the a + b — X process is given by:

o= Z/d$1d9€2fi($1»Q2)fj($,Q2)&i,j(x1P1,€C2P27Qz)

2%}
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Where f;, f; are the PDFs for i and j partons respectively, and ¢; ; is the cross-
section of the process.

4.0.5 The Parton Distribution Functions (PDFs)

The precise knowledge of the Parton Distribution Functions (PDFs) of the pro-
tons that take place in the collisions in LHC play an essential role in the pre-
dictions of the SM and BSM. Additionally, cross sections at hadron colliders
depend on PDFs. The parton density function f;(z,Q?) gives the probability
of finding a fraction x of flavor i, carrying a x fraction of the total momentum
of the proton, while Q gives the energy scale of the hard scatter collision. The
calculations of cross sections at hadron colliders depend on the convolation of
the cross sections at parton level with the PDFs. However QCD does not predict
the parton content of the proton, therefore the shapes of PDFs are determined
by fitting various set of experimental data.

In the proton-proton collisions in LHC, the initial state consists gluons and
quarks, the so-called partons. A proton is a composite particle, consisting of
three valence quarks, an undetermined number of gluons and quark-antiquark
pairs. Therefore, in order to compute experimentally the cross sections, one
must introduce the so-called Parton Distribution Functions (PDFs). Richard
Feynman firstly conceived the idea of partons in order to explain Bjorken scal-
ing in deep inelastic scattering.

The cross section of the real proton-proton collision is given by:

TABSX =D ;5 [ dzy fo(z1, p?) [ daofo(zo, p?)6i 5 x

Where i,j the partons from A,B protons respectively. X is the final state, o is
the cross section of the fundamental parton scattering and p the factorization
scale.
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5 Identification and Reconstruction

5.1 Topologigal Vertex Reconstruction

Track and Vertex finding is one of the most challenging tasks in reconstructing
events at ATLAS. The high luminosity and the increased cross-sections lead to
mre precise measurements of the trajectories of charged particles. These mea-
surements are essential for many analyses. The phenomenology of weak decays
has shed light on the nature of elementary particle interactions. Especially the
weak decays of hadrons containing heavy quarks (b,c,t quarks) are used as a
tool for more precise SM measurements and for searches for Physics beyond the
SM. These searches require a very efficient identification of b-flavored hadron
decays and the minimization of the incorrect identification probability over the
broad kinematic range.

The proton-proton collision with a center-of-mass-energy of 13TeV in the LHC
leads to many different vertex topologies. The identification and reconstruction
of these vertices are essential for many analyses. The topological decay recon-
struction is based on the reconstruction of secondary and tertiary vertices and
on the ability to correctly associate the charged-particles tracks from B and
D-hadrons decays. The reconstructed vertices and the purities of the associated
tracks depend on several parameters, such as the discrimination between the sec-
ondary (tertiary) from the primary (secondary) vertex. Typically the b-hadrons
have at least one vertex displaced from the point where the proton-proton col-
lision took place. The decay chain b — ¢ — s is characterized by two displaced
vertices corresponding to the b-hadron and c-hadron decays. The identification
of the topology of secondary and tertiary vertices is based on the differences in
kinematics and decay lengths of b-hadrons, c-hadrons and 7-leptons.

By and large the vertex resolution depends on the number, the topology and
the pr of the tracks.

Transverse Momentum is an observable of a great importance. Due to the
broad kinematic range of jets at LHC, which leads to a large multiplicity of
charged particles in the jet and due to the increased luminosity, which leads to
the increase of the Pile-Up events (PU), topological reconstruction is a very de-
manding process. Reconstruction of missing transverse momentum also requires
a complete representation of the interaction of interest and it involves all sub-
systems of the detector. The computation of the missing transverse momentum
requires the reconstructed and calibrated of all leptons, photons and jets. In
addition, the missing transverse momentum also includes unidentified tracks.
The topological vertex reconstruction depends on the charged-particle multiplic-
ity in the jet and on the angle between the direction of the jet and the direction
of the B-Hadron. For the topological reconstruction of separate B and D- decay
vertices is required at least one charged particle from each decay vertex. About
85% of b-flavored Hadrons have at least one charged particle as a decay product
at both B and D hadron decays and about 52% of b-flavored Hadrons have two
or more charged particles as a decay products at both B-and D-hadrons .

Jets are reconstructed by using anti — k; algorithm.
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5.2 The Jet Clustering Algorithms

5.2 The Jet Clustering Algorithms

Jets are a collimated bunch of hadrons flying in the same direction. As for
hadronic collisions, jet clustering algorithms are one of the most powerful tools
for data analysis in particle physics. The anti — k; algorithm behaves like an
idealised algorithm.

It is essential to introduce the distances, d;; and d;p, between entities i,j and
between entity and the beam, respectively.

2

) A2,
dij = min(k;!') 5

2p
dip = ki,

Where A% = (yi — ;) + (¢i + ¢;), kui: the transverse momentum, y;: rapity,
¢;: azimuth, R: radius, d;; distance between the entries i and j and d;p: distance

e p=1: The inclusive k; algorithm. It is proven that for p > 0 the behavior
of the underlying algorithm will respect the soft radiation.

e p=0: The inclusive Cambridge/Aachen algorithm.
e p=-1: The inclusive anti — k; algorithm. For p < 0 it is proven that the

behavior of the underlying algorithm will respect the soft radiation.

2
o 012P 1.2py | A
d;; = min(k;; ,ktj) B

2p
diB = kti

2
In the anti — k; algorithm: On the one hand the di; = (é, k%)ig between
the hard particle 1 and a soft particle relies on the Ay; and the k1¢. On the
other hand the d;; of two soft particles relies on the A;; and ki, ky; and is
much larger. Therefore, the soft particles cluster with hard particles before
they cluster among themselves. If a hard particle has no other hard particles as
neighbors, in a distance of 2R, then it will consider a circle of radius R, with all
soft particles within, which leads to a conical jet. Jets are reconstructed by us-
ing R=0.4 The jets require to have pyr > 20GeV for (|n| < 2.5) and pr > 30Gev

for (2.5 < |n| < 4.5).

The Particle Data Group (PDG) associates each type of particle with a unique
code. These codes are called PDGID. The PDGID is used to associate each
detector-hit with the corresponding particle. In the PDGID, particles are given
positive numbers and anti-particles are given negative numbers.
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5.2 The Jet Clustering Algorithms
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The good performance of identification and reconstruction in the ATLAS ex-
periment is essential for reliable measurements. Therefore, it is important to
use the full acceptance of the detectors and at the same time to have a good
rejection of the background.

5.2.1 The Identification and Reconstruction of Photons and Elec-
trons

Photons and Electrons are reconstructed in electromagnetic Calorimeters. Due
to the fact that photons and electrons have similar signatures in the calorimeter,
their reconstruction proceeds in parallel. The EM-calorimeter is divided into a
grid of 200 x 256 towers, each one of size An x A¢ = 0.025 x 0.025 and uses
three layers in depth. As for the electrons, due to Brehmsstrahlung, an electron
can lose a significant amount of energy. In addition, the radiated photon may
convert into a electron-positron pair, which can interact with the detector mate-
rial. The emission of positrons, electrons and photons is usually very collimated,
therefore they are reconstructed as part of the same electromagnetic cluster.
In order to measure the energy of the reconstructed electrons and photons, we
sum the energies measured in the EM calorimeter cells, belonging to the under-
lying cluster. In conrast to background photons, prompt photons have different
pt range ( pr > 10GeV to TeV scale). In addition photons and background
arising from hadrons must be distinguished and the criteria used are based on
shower shapes in the calorimeter. Prompt photons tend to have narrower energy
deposits in the EM calorimeter and smaller leakage to the hadronic calorimeter.
Additionally, background photons from 7y — 7 ususally have two separated
local maxima in the energy deposits in the calorimeter. As for the pile-up
effect, the hard-scattering collision is often accompanied by a soft pp interac-
tion that causes the in -time pile up and the out-time pile up, referring two
bunches before and after the bunch of interest, respectively. The underlying
method is based on topological clusters of energy deposits in the calorimeter
and on the reconstructed tracks in the direction close to the photon-candidate.
(AR = /(A + (B6%) = 0.4)

The energetic photon’s interaction with the EM calorimeter causes the electro-
magnetic shower. The underlying photon deposits a significant amount of en-
ergy in neighboring calorimeter cells. Pile-up affects significanlty the distinguish
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5.3 The Identification and Reconstruction of Muons

between background and prompt photons. On the one hand, the distinguish be-
tween background and prompt photons is affected by the soft p-p interactions
that accompany the hard-scattering collision, causing the in-time-pile-up effect.
And on the other hand it is affected by the out-of-time-pile-up effect which is
associated with the bunches before and after the bunch of interest.

The identification of photons requires several criteria in order to guarantee re-
liable measurements. The most sensitive variables to the pile-up effects are the
energy leakage in the hadronic calorimeter and the shower width in the second
sampling layer of the EM-calorimeter. Based on the different analyses and ex-
periment, different data selection is required. The Loose Selection Criteria is
based only on the shower shapes in the second layer of the EM-calorimeter and
on the energy deposit in the hadronic calorimeter. However Loose Selection
Criteria provides a high promt photon identification efficiency, with respect to
the reconstruction. The Tight Selection Criteria exploits additional information
from the finely strip layer of the EM-Calorimeter, which leads to a very good
photon identification efficiency.

The electron reconstruction is based on the localized energy deposits of the
cluster in the calorimeter. In order to measure the energy of the reconstructed
electrons, we sum the energies measured in the EM calorimeter layers. Due to
the fact that electrons are charged particles, additional identification methods
must be used. The charged-particle tracks are identified in the inner-detector,
using their track curvature. The curvature of the the charged particle (electron)
is reconstructed in the ID and is associated with the electric charge. At very
high-energy or large pseudorapidity, due to the fact that the electron-candidate
tracks are slightly curved, it is very challenging to determine their curvature.
Another important issue that one must be take into account is the interaction
of the particles and the material of the detectors. The misidentification of elec-
trons caused mainly by the pair-production, can be reduced using additional
criteria. As for the "decontamination” of the data from the energy loss of the
particles, caused by the electron-material interaction, the Gaussian-Sum filter is
applied to the clusters of raw measurements. In addition, this filter focuses on
the non-linear effect of Brehmsstrahlung. The probability of Brehmsstrahlung
emission and the conversion of radiated photon electron-positron pair depend
on the amount of the traversed material.

5.3 The Identification and Reconstruction of Muons

The identification of muons sets several criteria in order to guarantee reliable
measurements. Different analyses and experiments lead to different selction
criteria. The Loose identification Criteria is significally optimized for Higgs bo-
son, in four-lepton final state and maximize the muon reconstruction efficiency.
The Medium Identification Criteria minimizes the systematic uncertainties as-
sociated with both, the muon reconstruction and the calibration. The Tight
Identification Criteria minimizes fake muon rates and therefore maximizes the
purity of the sample. Muons are initially reconstructed in the ID and in the MS.
The algorithms of the combined ID-MS muon reconstruction are based on the
information provided by the individual subdetectors and calorimeters. Depend-
ing on the detectors used for the reconstruction, four different types of muons
are defined.
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5.4 Missing Trasverse Momentum

o Combined Muon (CB) : The tracks are reconstructed independently in the
ID and MS. Using a global refit of hits from both the ID and the MS, a
combined track is formed. In this case, muons are reconstructed either in
the MS and then extrapolated inward in order to match to an ID track or
muons are reconstructed in the ID and the extrapolated outward in order
to mach to MS tracks.

o Segment-tagged muons (ST) : The tracks that are classified as muons in
the ID, are extrapolated to the MS. Due to the low pp of the muons or
their fall in regions with reduced MS acceptance, muons are able to cross
only one layer of the MS chamber.

o Calorimeter-tagged Muons (CT) : In this case, the tracks in the ID that
are matched to an energy deposit in the calorimeter compatible with a
minimum-ionizing particle, are identified as muons. The optimisation of
the criteria for the CT-muons include |n| < 2.5 and 15GeV < pr <
100GeV.

« Extrapolated muons (ME) : In this case, the reconstruction of muons is
based on their MS tracks. The parameters of the muons are defined in
the interaction point. In addition, the estimation of energy loss of the
muons in the calorimeter must also taken into account. ME muons are
used in order to extetend the acceptance of muons reconstruction in a
region which is not included in the ID-region (2.5 < || < 2.7).

These muon-types are defined in order to suppress the background. If two
muon-types share the same ID-track preference is given to CB muons, then to
ST-muons and then to CT-muons. About 96% of the reconstructed muons are
CB-muons.

5.4 Missing Trasverse Momentum

Transverse Momentum is an observable of a great importance. Due to the
broad kinematic range of jets at LHC, which leads to a large multiplicity of
charged particles in the jet and due to the increased luminosity, which leads to
the increase of the Pile-Up events (PU), topological reconstruction is a very de-
manding process. Reconstruction of missing transverse momentum also requires
a complete representation of the interaction of interest and involves all subsys-
tems of the detector. Therefore, the computation of the missing transverse
momentum requires the reconstructed and calibrated of all leptons, photons
and jets. The missing transverse momentum also includes unidentified tracks.

The topological vertex reconstruction depends on the charged-particle multiplic-
ity in the jet and on the angle between the direction of the jet and the direction
of the B-Hadron. For the topological reconstruction of separate B and D- decay
vertices, at least one charged particle from each decay vertex is required . The
fact that about 85% of b-Hadrons have as decay product at least one charged
particle at both B and D hadron decays and about 52% of b-Hadrons have two
or more charged particles as a decay products at both B-and D-hadrons must
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5.5 The spectrum of the Transverse Momentum

be taken into account.

The missing transverse momentum is associated with the undetected particles,
produced in proton-proton collision. Therefore non-zero missing transverse mo-
mentum can be interpreted as neutrinos or new particles, beyond the Standard
Model. The development of strategies for a high-quality pr reconstruction is
essential for studies beyond the Standard Model and neutrinos. The pr is com-
posed by the hard-event signals and the soft-event signals. Hard-event signals
(or Hard Term) are associated with hard vertex events. Hard-Scatter Vertex is
the primary vertex with the largest ps? of tracks associated with it. Soft-event
signals are not associated with the hard-scatter vertex and these signals arise
from pile-up effects and from soft collisions accompanying the hard scatter. For
the analyses, it is essential to distinguish hard- from soft-scatter events, and in
this direction, their kinematic range is used. Hard-event signals are character-
ized by a kinematic threshold, therefore events below the underlying threshold
are considered as soft-event signals.

pr = —Zpi —ij
i J

Where i € {hard — event signals} and j € {soft — event signals}

5.5 The spectrum of the Transverse Momentum

hi(p1) + ha(p2) — H(pr) + X

Where hi and hy are the colliding hadrons of the hard-scattering collision , with
momenta p; and ps repectively, H is the Higgs boson with transverse mometum,
pr and X is an undetected final state.

In order to compute the cross-section, the QCD factorization theorem is used:

dpr.s) > [0'dzdas for nn (21, F)

2
dp3.

The NLO corrections of the py spectrum are known in the limit of heavy top
quark supplemented by subleading terms in the inverse top at NLO. In the
low-pr region (pr < mpy), due to the large logarithmic terms, the convergence
of the perturbative expansion is spoiled. Therefore, for pr < 30GeV the dis-
tribution of the transverse momentum can only be trusted at large logarithmic
terms. Most of the studies and analyses focus on high pr. However, it is essen-
tial for a plethora of studies to focus on low-pr regions.

6 b-Physics

Weak decays are rich in phenomenology and offer a very useful tool for studies
in subatomic level. In particular, hadrons containing b-quarks enjoy a special
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6.1 The quark decay

status and are widely used in the Standard Model studies. Hadronic decays
play a significant role on the understanding of strong interactions, which are
least understood. Strong interactions containing heavy hadrons are easier to
be studied and understood than those of light. Weak decays of hadrons branch
into three classes: the non-leptonic, the leptonic and the semileptonic decays.
In the case of the non-leptonic decays, the final state doesn’t consist leptons
(only hadrons). While in the leptonic decays, the hadrons annihilate each other
and only leptons can be detected in the final state. As for the semileptonic
decays, leptons as well as hadrons can be found in the final state. However, the
multiplicity of quarks in the final state increases the complexity of the strong
interactions. Due to the theoretical complexity of the the non-leptonic weak
decays, leptons play a crucial role in the studies. Due to the fact that quarks
can be observed only in bound states, in leptonic decays a new parameter, the
so-called “decay constant” must be introduced in order for the bound state ef-
fects to be taken under account. While in the semileptonic decays, these effects
can be taken into account by introducing invariant form factors. Form factors
exploit the symmetries of strong interactions and the can be seen as a function
of the momentum transfer.

6.1 The quark decay

Up-type quarks (u,c,t) can decay to a down-type quark within the same genera-
tion, therefore the underlying matrix elements, which correspond to the diagonal
elements of the CKM Matrix, are close to unity. Therefore, up-type quarks are
short lived. In addition, the off-diagonal elements are very small and thus the
down-type quarks relative long lived the decays. Due to the fact that rate in-
creases with the mass of the particle in the loop, the down-type quarks are
flavored and therefore the exchange of t- and b-quarks are dominant. The top
quark is the heaviest quark and therefore has nothing to exchange in a virtual
loop. In addition the c-quark can decay into u-quark by exchanging a b-quark,
but this decay is very rare, due to the fact that the underlying CKM factor,
[Veo Vo35 | is tiny. As for the s-quark, it can decay into a d-quark by exchanging
a t-quark.

Since the decay of the b-quark to the t-quark and W~ are kinematically for-
bidden in the first order, the b-quark decays into c- or u quark and virtual W~
which further decays into a pair of leptons or quarks. However, in the second
order b-quark can decay into a virtual t-quark and W~ that immediately recom-
bines to the s- or d-quark, the so-called penguin decay. From the CKM Matrix,
|Vep|?/|Vus|? =~ 102, therefore the b — ¢ decay is strongly flavored. Additionally
from GIM Mechanism the decays b — s and b — d , in the first order, are
forbidden.

6.2 The b-quark

There are two possible loop decays of the b-quark, to the s- and d-quark. There-
fore, (b — s)/(s = d) =~ |(ViyViz)/ (VisVig)I? = 10%, while (b — d)/(s — d) ~
|(Vin Vi) (Vis Vi) |2 = 103, The large CKM suppressions can be overcame in
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6.3 The penguin diagram

experiments of s-quark decays with higher quark production rate.

The inclusive semileptonic decay b — cfy, where £ = e, i is related to the value
[Vep|. Due to the fact that no strong interactions are involved in the decay of
the virtual W~ and there is no mixing of the lepton generations, the inclusive
semileptonic decay provide a great simplification compared to hadronic decays.
The main problem of the extraction of the value of |V| is the difficulty of esti-
mating the strong interactions effects on the decay rate.

The experimental determination of the Br(b — ¢f¢) comes from the ratio of the
produced prompt lepton of b-quark decay to the product of all b-quark decays.
In order to distinguish the prompt from non-prompt leptons, the background
must be estimated. As for the background, the decays of other particles can
be suppressed with b-tagging, while the background of the b — ¢ — ¢ decay is
much more challenging to discriminate. By and large, the prompt leptons have
a harder momentum spectrum. As for the the rate of inclusive semileptonic
decay to the 7-lepton, b — crv, it is much smaller than the decay to muon or
electron, due to the phase-space suppression. In addition, the 7-lepton has a
plethora of decay channels and at least one neutrino is produced. The neutri-
nos remain undetected and therefore the experimental measurements are much
more demanding.

In the case of exclusive semileptonic decay B — X ¢, where X, = D, D* D**.._|
weak and strong interactions cannot b easily separated. Theoretically, the decay
width can be calculated by I'(B — X lvy) = vx|Ve|? , but in this case v de-
pends on the effect of the strong interactions, which is parameterized into form
factors (FF), that are function of ¢2. The form factors provide the information
about the structure of the initial and the final state of mesons. The vx is given
by:

mp—m 2
’yX:G%fO( s=mx)  FF(g?)..dq

The form factors and ¢? are predicted by phenomenological models. Therefore,
the measurement of the semileptonic branching fractions lead to the determina-
tion of the value of the |V

6.3 The penguin diagram

The decay b — s is described by the electroweak penguin Feynman diagram.
In the Standard Model framework, flavor Changing Neutral Currents (FCNC),
such the underlying decay are allowed with a loop structure and not by tree level
processes. In these loops, heavy particles appear virtually and do not need to be
on shell. The FCNC decays have a small branching ratio and therefore are very
rare. The hadronic part of the semileptonic decays causes large uncertainties.
The penguin diagram couples two quarks of different flavors, but of the same
charge. Based on the mediated boson, there are different types of penguin dia-
grams, such as gluon penguin, photon penguin, Z penguin and Higgs penguin.
The Higgs penguin differs from the other penguin diagrams, due to the fact that
Higgs boson is a scalar boson, while gluons and the photon are vector bosons.
More complicated penguin diagrams include the emission of two neutral gauge
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bosons, the so-called two-photon penguin, the gluon-photon diagram etc. .

7 Higgs Phenomenology

7.1 Higgs Production and Decay

The Electroweak Symmetry Breaking Mechanism remains the cornerstone of
the studies in CERN. In the Standard Model, the study of Higgs mechanism is
essential for understanding this spontaneous symmetry breaking. In 2012, the
discovery of Higgs-like state at LHC, which is compatible with the SM Higgs
Boson, was another milestone for Particle Physics. In particular, the couplings
of the discovered Higgs-like boson to fermions and vector bosons agree with
SM, within errors. Since 2012, huge efforts have been made in order to study
its properties in detail. The discovered Higgs-like state has approximately a
mass of 125GeV and was produced by a proton-proton collision, in LHC, with
a center of mass energy of 13TeV.

Before the discovery of the Higgs boson, in 2012 at CERN, despite the con-
straints, its mass was an unknown parameter. The Higgs boson should be
lighter than ~ 17TV, to avoid a strong coupling regime. Additionally, consider-
ing that all the couplings in the Lagrangian depend on the energy scale,A, up to
which Standard Model is stable and perturbative. A large mass of Higgs boson
would lead to a Landau pole, which is a non- perturbative regime. At the same
time, a too small value of Higgs mass would lead to negative couplings, giving
rise to unstability. The measurements of the Higgs boson’s couplings are based
on the EFT formalism. Other constrains rise from the experiments. The mass
of the Higgs Boson enters through loop corrections many observables, that have
already been measured at colliders. The behavior of the Standard Model up to
larger scales is essential for the studies of the expansion of the Standard Model.
The agreement between the discovered scalar boson and the Standard Model
predictions and the fact that the running Higgs self-coupling is slow, lead to the
consideration that the Standard Model is a perturbative description all the way
to the Planck scale. Supersymmetry is an expansion of the Standard Model,
which maintains the perturbativity.

The phenomenology of the Higgs relies on the its couplings to gauge bosons and
fermions. In the MSSM-framework the properties of the neutral Higgs boson
must agree with the data. In addition, the discovery of the scalar boson, with
a mass ~ 125GeV puts strong constrains on the CP violation scenarios, in the
MSSM framework.

The lepton identification is essential for the precise measurements of the Higgs
boson. The GIM(Glashow Iliopoulos Maiani Mechanism) doesn’t allow the de-
cay of a bottom quark to down- and strange-quark. Additionally, since in the
first order, the decay of the bottom quark to the top quark is forbidden, the
bottom quark decays only into charming quark and up-quark. Due to fact
that |Ve, > Vip| the decay of b-quark into c-quark is strongly favored. In
the semileptonic decays no strong interactions are involved, therefore there are
much simpler to study. In addition, the fact that there is no mixing of leptons
families, further simplifies the studies.
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7.2 The Production of Higgs in Hadron Colliders

7.2 The Production of Higgs in Hadron Colliders

The main Higgs production processes in hardon colliders are:

Gluon Fusion g9 — H
Vector Boson Fusion WW~- —-H,ZZ - H
Higgs Stahlung off W,Z qqg > W*/Z* - W/Z+ H
Higgs Brehmsstrahlung off top | ¢ — tt + H ,gg — tt + H

7.2.1 The gluon-gluon production channel

The loop induced gluon-gluon fusion (g9 — H + X ), mediated by the exchange
of a virtual top quark, is the most dominant production channel in LHC. The
underlying production rate agrees with the SM-predictions, within errors, but
it is not clear whether this process is indeed a loop-induced production process.
The identification of the nature of the process requires the measurement of the
top-mass effects of the form factors, associated with Higgs couplings to gluons.
Therefore a large energy scale must be inserted into the loop.

The point-like Higgs coupling to gluons is given in the terms of the effective
Lagrangian by:

Logs = g GG, T

T 1224

Where c,: the Wilson coefficient a,: the strong coupling constant, G“*”:the
gluon field stregth tensor, H: the Higgs Field and v: the electroweak vacuum
expectation value.

The QCD radiative corrections LO and NLO accede to ~ 80% of the to-
tal cross-section and the N3LO accedes to ~ 30%. Additionally, considering
mpy ~ 125GeV, the electroweak radiative corrections have been calculated at
the NLO, which lead to the increase of the LO total cross-section by ~ 5% .

7.2.2 The vector boson fusion production channel(VBF)

The second most dominant production, in the LCH is the vector boson fusion
(VBF)process gq — gqH. In this process two quarks(or anti-quarks) scatter
and the Higgs boson radiated of the weak-boson propagator. The cross section
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7.2 The Production of Higgs in Hadron Colliders

is about one order of magnitude lower than for the cross-section of gluon-gluon
fusion process and is computed using NLO QCD and EW corrections

7.2.3 The Higgsstrahlung (associated VH production) production
channel

Higgsstrahlung process or (the associated VH production), was the main pro-
duction channel for Tetravon. As far for the LHC, searches are focused on the
H — bb, WW* and invisible modes. The total cross-section of Higgsstrahlung
process has been calculated to NNLLO QCD and NLO Electroweak corrections.

7.2.4 Associated production with a pair of heavy quarks

In this case, two processes can be observed, q¢ — qqH and gg — qqH. The
cross section is computed at NLO in QCD.

Generally the cross-sections of the processes depend on the mass of the Higgs
Boson and on the center-of-mass-energy(y/s) of the pp collision. The increase of
the /s leads to the increase of the total cross-section of Higgs production over
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7.3 The Higgs decay channels

all the mass range of Higgs Boson. Additionally, the increase of the Higgs mass
leads to the decrease of the total cross-section.

7.3 The Higgs decay channels

In the Standard Model framework, Higgs Boson can decay into a pair of bosons
or fermions. Additionally, the Higgs couplings to bosons are proportional to bo-
son masses and Higgs couplings to fermions are proportional to fermion masses.

gffH = (ﬂGF)(1/2) smy and JgVvH = (\/iGF)(l/Q) . mV2

Where my and my are the masses of fermions and bosons respectively.

The theoretical prediction of total decay width of Higgs boson, consider-
ing my ~ 125GeV, is 'y = 6.1MeV, which leads to the computation of
Higgs boson lifetime ~ 10722s. Due to the short lifetime of Higgs boson only
its decay can be detected. For a high-mass Higgs(180GeV < mpy < 1TeV),
which means that myg > 2myz and myg > 2my, Higgs Boson decays exclu-
sively into WHW ™~ (~ 70%) or ZZ (= 30%). For an intermediate-mass Higgs
(130GeV < mpy < 180GeV), it decays also through a pair of massive gauge bo-
son and one of them is virtual. As the my approaches 139GeV, the Higgs boson
may decay into bb with a branching ratio of ~ 50%. As far for the gluon fusion
the most dominant decay channels are H — vy, H - WW* and H — ZZ*.
The main Higgs decay processes in hardon colliders are:

Decay Channels
H —bb
H—-WwWWw*
H — g9
gH — 777~
H — cc
H—Z7*

H — vy
H— Zv
H — pp

8 Leptonic and Semileptonic Decays

The reconstruction of a leptonic or semileptonic decay begins with the distin-
guish of prompt and background leptons. Due to the fact that neutrinos cannot
be detected directly, the reconstruction of neutrinos depend on the measure-
ments of momenta of all particles that take part in the collision. B meson can
decay into a neutrino and a charged lepton B — /v, if the quark and the an-
tiquark annihilate each other, a W boson will be radiated. This process is a
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purely leptonic decay, and therefore no hadrons appear in final state. Addition-
ally, due to the fact that the annihilation involves the CKM matrix element,
[Vsl, this process is rare. The decay width of the purely leptonic decay of the
B meson is given by:

2 3, 2
I—‘leptoni(: = %‘Vub‘QIZ(I — 1’)2

Where x is the ratio of the lepton and B-meson masses, © = m;/mp and fp is
the decay constant theat can be obtained from QCD or lattice calculations.
The decay constant fp is defined by:

ifp" = (0lquy"ys| M (p))
The factor m,? reflects the helicity suppression which arises from the left-
handedness of charged current. Due to helicity suppresion the branching frac-
tions of B — ev and B — pv are small. As for the Beyond Standard Model
Framework , with an extended Higgs sector, instead of a virtual W boson , a

charged Higgs boson can be exchanged . For instance, in the type-II two Higgs
doublet model(2HDM) the rate is given by:

Dogpyv =ralsm

2
Where r, = (1 — %}‘j{”ﬁ )2 and mp: the mass of the charged Higgs Boson
and tan the ratio of the Higgs vacuum expectation value in the 2HDM.

Semileptonic decays are considered as a powerful probe of the electroweak and
strong interactions. Additionally, semileptonic decays play an important role in
the determination of the Cabibo-Kubayashi-Maskawa (CKM) Matrix elements.
As for the decay ¢ — b the CKM element, |V,;| can be extracted by the B-meson
semileptonic decays.

HERPE = AV P (w? = DY2E2 (w)

AT = AlVa P (w? = 1) F (w)

Where A represents the known terms.
In the limit my > Agep, where q=b,c F(w) = Fy(w) = {(w), for F(w) = 1.
The corrections to the heavy quark limit as an expansion of as(m,) and Agcp/my.

2
F*(l) -1 +CA(as) + 0 + LQC Dormodels

mq Mg

+ ..

F()=1+cy(as) + LQCDormodels |

mgq
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8.1 Leptonic and Semileptonic Decays and the Cabibo-Kobayashi-Maskawa
(CKM) Matrix

8.1 Leptonic and Semileptonic Decays and the Cabibo-
Kobayashi-Maskawa (CKM) Matrix

The leptonic and semileptonic decays provide a powerful “tool” for studying the
strong interactions. Leptonic and also semileptonic are experimentally acces-
sible through heavy-quark decays. Due to the larger branching ratio of the
semileptonic decays, the extraction of information in semileptonic decays is
much simpler than in the leptonic and therefore studies are mainly focused
on semileptonic decays. As for the semileptonic and also leptonic decays the
strong interactions effects can be studied through the coupling of quarks to W
boson. It is experimentally proven that these couplings rely on the mass on the
masses of the quarks and have one universal coupling strength. In contrast to
quarks, transition of one generation of lepton to another generation has not been
observed. As for the quarks, these transition strongly depends on the involving
quarks. Although transitions of cross generation quarks are allowed, transition
of same quark generation are highly favored.

The CKM matrix is given by:

|Vud| |Vu5| |Vub|
Verm = | Veal  |Ves| Vel | =
Vial  [Visl [Vl

0.97427 £ 0.00015  0.22534 4 0.00065  0.0035170000:5
0.22520 £ 0.00065 0.97344 £0.00016  0.0412F0:000:
0.00867H099920  0.040473:905L  0.999146+0 000021

The purely leptonic decays have the simplest theoretical description. The decay
rate is given by:

_ G2 m?
[(Mqq — € 0) = GEVeo PIf3mi (1 — 375)?

Where fy; is the decay constant, m, the mass of the lepton and M the ass of
the charged meson.

The decay constant, fp;, measures the probability amplitude for the quarks to
have zero separation. In heavy-quark limit f7, = 12]¢(0)|>/M, where 1(0) is
the wave of the ¢ and Q at zero realtive separation. The decay constants for
pseudo-scalar mesons containg heavy quarks are predicted form lattice QCD.
The neutrino reconstrucion in B — ¢nu and B — X /v decays cannot be directly
detected. In the case, where there is only one neutrino, its four momentum can
be calculated from the missing momentum. Therefore, the neutrino reconstruc-
tion depends on accuracy of the measurements of the momenta of all particles.
It is essential, to increase the resolution.

The B — { decay is a purely leptonic decay and requires the quark and the
antiquark annihilation. The underlying annihilation involves the CKM matrix
element |V,;| and therefore is very rare. As for the theoretical aspect, it is easy
to deal with purely leptonic decays.

The decay rate is given by:

(B — ) = SEMaIE |y, 222(1 — 7)2
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8.2 The Semileptonic Decays of B-meson

Where z = my/mp is the ratio of the lepton. fp is the decay constant and can
be obtained either from QCD sum rules or form lattice calculations. The brach-
ing fractions depend strongly on the hlicity, therefore B — e is much smaller
that B — pv. In Beyond the Standard Model, the Higgs sector is extended and
a charged Higgs boson can be exchanged instead of W boson. The rate 2HDM
is given by:

F2HDM<B — f) = THFSM — (B — fl/)

2 2
Where ry = (1— %‘;nﬁ), my is the mass of the charged Higgs boson and tan
H

is the ratio of the Higgs vacuum expectation values that appear in the 2HDM.
Events with more than one identified charged lepton are avoided, due to the
fact that leptons produced in conjunction with neutrinos.

8.2 The Semileptonic Decays of B-meson

In the semileptonic decays, the B meson decays into a lepton (muon or electron)
and its kinematical properties provide a powerful “tool” for several studies. The
b-quark can decay into a c-quark or a u-quark, the rate of these decays are given
by the CKM matrix elements, |Vg,| and |V,| respectively. As for the back-
ground, the contribution of the misidentified leptons is significant. Therefore
many methods are applied in order to extract the signal and distinguish the
source of identified leptons.

The charmless semileptonic decay, in which the existence of a u-quark is indi-
cated, b — X[, the measurement of its branching ration relies on the compu-
tation of |Vyp|. However, on the one hand the branching ratio of b — X, is
in the order of 1072 and on the other hand the background of the dominant
decay b — Xl is 50 times larger. Therefore, the determination of |Vy,;| is very
challenging. The b — X7, decay is suppressed due to the high mass of the 7.
As for b — X fv also for b — X, fv the largest systematic uncertainties arise
from the lepton momentum spectrum, large missing transverse momentum is
also carried away by the neutrinos.

The semileptonic branching ratio is given by:

B. . — LTM=Xi9)
semi = “AYT(M—all)

Where ¢ = e, u. Using the different channels, allows us to detrmine the fraction
of semileptonic decays.

8.3 The Leptonic Decays of B-meson

The purely leptonic decays have the simplest theoretical description. The decay
rate is given by:

_ G2 m?
[(Mgg — 7 v) = SE|Vyo*lf3rmi (1 — §75)?
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Where f); is the decay constant, m, the mass of the lepton and M the mass of
the charged meson.

The decay constant, fp;, measures the probability amplitude for the quarks to
have zero separation. In the heavy-quark limit f3, = 12]1(0)|?/M, where 1(0)
is the wave of the ¢ and Q) at zero relative separation. The decay constants for
pseudo-scalar mesons containg heavy quarks are predicted form lattice QCD.
The neutrino reconstrucion in B — ¢nu and B — X /v decays cannot be directly
detected. In the case, where there is only one neutrino, its four momentum can
be calculated from the missing momentum. Therefore, the neutrino reconstruc-
tion depends on accuracy of the measurements of the momenta of all particles.
Therefore, tt is essential, to increase the resolution.

The B — { decay is a purely leptonic decay and requires the quark and the
antiquark annihilation. The underlying annihilation involves the CKM matrix
element |V,;| and therefore is very rare. As for the theoretical aspect, it’s easy
to deal with purely leptonic decays.

The decay rate is given by:

T(B — tv) = SEmalh |y, 222(1 — 7)2

Where 2 = my/mp is the ratio of the lepton. fp is the decay constant and can
be obtained either from QCD sum rules or form lattice calculations. The brach-
ing fractions depend strongly on the helicity, therefore B — e is much smaller
that B — pv. In Beyond the Standard Model, the Higgs sector is extended and
a charged Higgs boson can be exchanged instead of W boson. The rate 2HDM
is given by:

Toppu(B = £) =rplsy — (B — ()

2 2
Where rg = (1— %‘E"ﬁ), mpy is the mass of the charged Higgs boson and tan
H

is the ratio of the Higgs vacuum expectation values that appear in the 2HDM.
Events with more than one identified charged lepton are vetoed, due to the fact
that leptons produced in conjunction with neutrinos.

9 The Standard Model

9.1 Perturbation Theory

There are some systems that their eigenvalues and eigenfunctions of the Hamil-
tonian can be found exactly, such as the harmonic oscillator or the hydrogen
atom. However, the overwhelming majority of the systems in Nature cannot be
solved exactly, therefore a method must be developed. Perturbation theory is a
very useful tool for these systems and it can be modeled as small deviations of
a system that can be solved exactly.

The Hamiltonian formalism is equivalent to the Euler-Lagrange formalism, the
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9.2 The Standard Model Framework

dynamics of the quantum field 1) can be obtained by solving:

oL __ 0L
Ou(a0,5) = 99

Where £ =T — V is the Lagrangian and T denotes the kinematic energy and
V denotes the potential energy.

In perturbation theory, approximate solutions can be obtained by the expansion
of the coupling strength, g, around the free theory. Considering that |¢;) and
|tf) are the initial and final spinors respectively :

W) = eng™s)

In order to converge this expansion , g must be sufficiently small. Consider-
ing that n=2,3,4, we have the Leading Order (LO), the Next-to-Leading-Order
(NLO) and the Next-to-Next-to-Leading-Order (NNLO) terms respectively and
so on. Higher order computations are very demanding. In addition, the per-
turbative corrections can be extended in order to include soft parton radiation.
The underlying corrections are given by :

g"log" @

Where Q denotes the four-momentum transfer.

In the Feynman diagrams framework, the NLO terms can be understood by the
emission of an additional particle either in the initial or the final state. Alter-
natively, a virtual or off-shell particle loop may exist in the Feynman diagram.
These extra vertices correspond to the additional power of g. A diagram without
loops is a tree-level diagram. In order to compute M for every given diagram,
we have to use the Feynman rules.

9.2 The Standard Model Framework

The Standard Model is a very successful description of all interactions at sub-
atomic level, except those due gravity. It has been tested by a plethora of
experiments over the last decades. The basic elements of SM were proposed
and further developed in the 1960s and 1970s. In the following decades the ex-
perimental confirmation followed at a very high accuracy. Although the success
of SM, Physics Beyond the SM is required for solving several problems. One of
its major issues is that the neutrinos in the Standard Model remain massless.
At the same time, experimental observations imply that the neutrinos are mas-
sive. More specifically, an oscillation of propagating neutrinos from one flavor
to another indicates that neutrinos have mass.

SM is a Quantum Field Theory (QFT). QFT’s that are only valid in a certain
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range of energies are called Effective Field Theories (EFTs). It is believed that
the SM is just the low-energy limit of a more fundamental theory. The discovery
of a SM — Higgs—like boson at the LHC opens up a new era of particle physics.
In the context of EFTs Higgs boson has received significant attention. The point
of departure for EFT is is that in Nature often appear problems with separated
scales. In Effective Field Theories is taken advantage of this scale separation of
the Quantum Field Theory. Nowadays EFTs are considered a sine qua non in
particle physics. EFTs provide a systematic formalism for the analysis of multi-
scale problems. In EFTs it is essential to define the relevant degrees of freedom
, the symmetries obeyed and the appropriate expansion . The Symmetries are
used as guides for the construction of the effective description of the physical
problem. For this description we need to construct the most general effective
Lagrangian.

The SM Lagrangian is:

1 A S vi 1y vi ¥
Lom= =7 Bu B = - W, W = 1 G, G"" + > FirDuf

fermions

The Effective Lagrangian is:
L=Lsm+>,+:0;

Where Lsaq is the Lagrangian of the Standard Model and dimension-six oper-
ators describe physics beyond the Standard Model at scale A, well above the
Electroweak scale.

Spotaneuous Symmetry Breaking We consider the Lagrangian:
L=T-V =30,00"p — (312> + 1 A¢")

We require A > 0 in order that the potential to be bounded below as ¢ — co
Y =0 = 126+ A" = 0= (4 + Ap?)op =

If 4?2 > 0 the potential is minimized at ¢ = 0 and in that case p? can be inter-
preted as (mass)? .

If 42 < 0 the potential is minimized at ¢ = 44/ 5 > = v, where v :vacuum

expectation value.

To determine the particle spectrum we consider ¢(x) = v+ n(x) and we expand
around 7 = 0 Then,

L=50u(v+n(x )) *(v 4 (@) - p2 (v +n(x))® —*A(v+77( )t

— L0,m(w)0n(2)— L2 (v + <x>+zvn<x>> I\ (vt (@) +4n(2)o+ 4o (a) +
6n* (x))v?

The SM Higgs boson self-coupling,couplings to fermions and gaue bosons are
given by:
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L= _ngf,]?fH + gHé—IH H3 4 gHg4HH H4 + 5VV;LVM(9HVV 4 gHgvv H2)

Where
grss ="
_ 3my
JHHH = —
_ 3my
YHHHH = —2
2
grvy = 2
va2
JHHVV = —
v
Where V =W, 7
Symmetry Conservation Law
WYW~- - H,ZZ — H
Higgs Stahlung off W,Z qq > W*)Z2* - W/Z+H
Higgs Brehmsstrahlung off top | qq — tt + H ,gg — tt + H

9.2.1 Particles and Interactions in th Standmodel framework

Particles in the Standard Model framework are either fermions or bosons. Fermions
branch out into leptons or quarks. Quarks form either mesons (gg) or baryons
(gqq). Leptons have three different generations (families), which have same
properties(quantum numbers ) and differ only in masses. Leptons can be either
electrically charged denoted by (¢) or charged neutral, the so-called neutrinos
denoted by (). Neutrinos interact only via the weak interaction.

Interaction QFT Bosons | Range (m) | Relative Stregth
Strong QCD | 8 Gluons 10°7 1
Electromagnetism | QED y 00 1072
Weak EWK | W%, Z 1018 1012
Gravity 777 777 00 10~

9.2.2 The Electroweak Interactions

The electroweak interactions in the Standard Model framework are described by
the non-abelian group, SU(2). As it was mentioned before, from group theory
it is known that SU(2) has (n? — 1) generators, which correspond to the four
bosons . Three of them are massive W+, Z and one of the remains massless,
the photon, . The relation of the hypercharge and the electromagnetic charge
is given by the Gell-Mann-Nishijima formula:
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Q=1I+31Y

Where Q is the electromagnetic charge, I3 is the weak isopsin and Y is the
hypercharge.

The weak interactions are described a QFT, the so-called Quantum Electrody-
namics (QED) and its coupling strength is given the o« = 1/137, the so-called
fine structure.

9.2.3 The Strong Interactions

The strong interactions in the Standard Model framework are described by the
non-abelian group, SU(3). As it was mentioned before, from group theory it
is known that SU(3) has (n? — 1) generators, which correspond to the eight
massless gluons. In accordance with the electroweak interaction, the “charge”
of the strong interactions is the ” color”, which has three degrees of freedom .
However, gluons carry their own color, therefore self-interactions occur. Strong
interactions are described by a QFT the so-called Quantum Chromodynamics
(QCD) and the corresponding coupling strength is the g;. In QCD the strong
self interactions play an important role to the perturbation theory. In order
to study QCD, one must also define a; = g2/4n. For low energies or large
distances a, diverges, therefore isolated quarks or gluons cannot be observed.
In high energies or short distances, due to quantum corrections of vacuum po-
larization the coupling strength weakens and therefore the perturbation theory
can be applied. This phenomenon is the so-called asymptotic freedom, which
describes the quasi-free behavior of partons (gluons and quarks) in neutral color
hadrons. Due to the fact that only neutral color states are allowed, hadrons can
me either meson, consisting of a quark and an anti-quark (¢q), or a baryon,
consisting of three quarks (¢gqq) .

9.3 The hierarchy problem

In the Standard Model, neutrinos remain massless, which contradicts the ob-
served neutrino oscillation. At the same time, the Standard Model fails to
explain the asymmetry of matter and antimatter in the Universe. One of the
most major problem of the Standard Model can be simply stated as that the
observed Higgs mass is extremely small, the so-called hierarchy problem, which
is often framed in the quadratic divergences context. In this context, the hierar-
chy problem arises from the fact that the contributions to the mass of the Higgs
boson in the Standard Model framewok are quadratically divergent. In case of
fermion masses and considering a Dirac fermion, ¥, the mass term is given by:

myw

The underlying mass term is invariant under the global transformation ¥ —
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e'®W. In addition, quantum correction respect the symmetries. Therefore, in
the case where m=0, the quantum correction will not generate a mass term
and there is an additional symmetry. In the case where the chiral symmetry is
broken, m # 0, quantum corrections are proportional to the symmetry-breaking
term. The fermion masses cover a very large range, but quantum corrections
do not disturb the hierarchy. For scalar bosons, the mass term is given by:

m2H'H

Unlike the case of spin-1/2 and spin-1 we do not have dm? oc m?, but rather
dm? o< A%2. Due the dependence of the quantum corrections to the energy scale,
A, the mass corrections diverge very quickly. Additionally, requiring a zero
Higgs boson’s mass, the corrected mass still diverges very quickly. At the same
time, the experimental results indicate a Higgs boson mass around 125GeV. The
above problem is the so-called hierarchy problem. The hierarchy problem can
be resolved by exdending the Standard Model. In this case “hierarchy” refers
to the difference of many orders of magnitude between the mass of W and the
scale at which the Standard Model is not valid.

Spin Field Transformation om

1/2 myw — efs om ocm
1 m2A, AR | A, — A+ 9, | dmocm
0 m?|H|? None om o< A

On of the most well-studied Standard Model extensions is Supersymmetry. In
the SUSY framework, a different symmetry between bosons and fermions is pro-
posed and therefore new Higgs mass corrections terms arise and the quadratic di-
vergence is canceled. The Minimal Super-Symmetric Standard Model (MSSM)
requires an extended Higgs sector containing five bosons.

10 Massive Neutrino

One of the major issues of the Standard Model and also a motivation for studies
beyond the Standard Model is that neutrinos in the Standard Model-framework
remain massless.

The experiments of solar atmospheric neutrinos provide indications of oscilla-
tions of neutrinos. Neutrinos oscillations are transitions between different fla-
vors of neutrinos. If a neutrino of a given flavor, with energy E is produced
at a sufficiently large distance,L, from the neutrino source, the probability to
find a neutrino of different flavor (the oscillation or transition probability) is
non-zero. The neutrino oscillation probabilities depend on the neutrino energy,
the distance between the source and the detector and on the U. All data on
neutrino oscillations can be described by the minimal neutrino mixing scheme,
which consists a 3-flavor neutrino mixing. Considering U as the 3 x 3 neutrino
mixing matrix, which can be parameterized by 3 angles.
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10.1 The Solar Neutrino Problem

10.1 The Solar Neutrino Problem

Solar neutrino problem was a long-standing astrophysics problem. This problem
was based on a disagreement between the measurements and the prediction of
the neutrinos.

In the 19th century physicist could not find a mechanism that could explain
how the Sun generates power and also how it could maintained for over 4.510°
years. In 1919, the English astronomer Sir Arthur Stanley Eddington proposed
fusion of hydrogen to helium could provide sufficient energy. In the eraliest
papers of fusion theory, neutrinos were not mentioned explicitly . In 1948, the
American physicist Horace Richard Crane, noted that fusion process in the Sun
produces neutrinos. The following years, were presented the first detailed papers
on the calculations of solar neutrinos. The American physicists John Bachcall
and Raymond Davis, who were considered as pioneers on neutrinos experiments
,noted a disagreement between the predicted and the measured rates of neutri-
nos. This is the so-called solar neutrino problem (SNP). The following years,
other experiments using different techniques confirmed the the observations of
Banchcall and Davis.

The underlying pioneering experiments with solar neutrinos have provided com-
pelling evidences for neutrino oscillations. All the data on neutrino oscillations
can be described 3-flavor neutrino mixing. Neutrino oscillation is a quantum
mechanical consequence of the existence of non-zero neutrino mass and neutrino
mixing.

10.2 The Neutrino Oscillation

Due to the fact that neutrino oscillations do not mix their helicities, they are
independent of whether neutrinos are Majorana or Dirac particles.
Considering two neutrino flavors v, and v, :

|ve) = |v1)cost + |v2)cosh

lv,) = | — v1)cost + |va) sind

Where 6 is the corresponding mixing angle.
Considering that |v(0)) = |v,), the time evolution of |v(t)) is given by:

lvu) = —|v1)sind - et 4 i) cosl) - e 12t

Considering that neutrinos are realtivistic and ¢ = 1, E; = /|p|2 + m?
In the relativistic limit, |p|?> ~ E? and therefore

Ei/IpP +mZ = /]EP +m? = E\/T+ (%)?

In the reativistic limit m; < E and therefore 2 < 1.
Using the identity v1+2 =1+ § forx < 1:
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10.2 The Neutrino Oscillation

B=B\1+ 58 = B0+ ) = B+ 3¢

Therefore,

w(t)) = —|v1)sind - e IF1t 4 |uy)cosh - e~ P2t =

. 2 2 .
[—|v1)sind - e~ 25t + |uy)cos - e 28 e Bt

After the neutrino travels distance L, the probality of the v, to oscillate to v,
is given by:

mo 2

m 2
P(L) = [(ve|v(t))|? = sin?0cos®| — e~ 2 + e'2b

Oscillations between active neutrinos of different flavors are first class oscilla-
tions. Ocsillations between active neutrinos and sterile neutrinos of the same
helicity are called second class oscillations.

As for the antineutrino oscilaltions, the U matrix must be replace by the U*.
The oscillation probability requires Am® # 0 and a non trivial flavor mix-
ing, U # 1. The oscillation probability depends on the mixing angles and the
squared masses. Oscillation depend on th Dirac phase dc P, but not on the
Majoran phases. Therefore, Dirac and Majorana neutrinos have the same oscil-
lation probabilites.

The are many issues concerning neutrinos. First and foremost : are neutrinos
Majorana or Dirac particles. Massive neutrinos are one of the few hints for
physics beyond the Standard Model. The Standard Model can be extended by
introducing right-handed neutrinos. In this case we consider that neutrinos are
Dirac particles. An alternative scenario is that neutrinos are Majorana parti-
cles. This scenario has some interesting implications. Another question related
to nature of the neutrino is that the masses of neutrinos are very small com-
pared to those of the quarks and the charged leptons.

The experiments on the neutrino oscillations do not provide information on the
nature (Dirac or Majorana particles) of neutrinos. In the case where neutrinos
are Dirac fermions, the antiparticles are distinct and in contrast to weak charge,
lepton number is conserved. On the other hand, in the case where neutrinos are
Majorana particles, particle and antiparticle are identical and no weak charge
and lepton number are conserved. The determination of the nature of the neu-
trinos is one of the most challenging and fundamental problems in a plethora of
future studies.

10.2.1 Two Flavors Limit

In order to illustrate neutrino oscillations, the two flavor limit must be studied,
where N = 2 and S = 0. This simplified model requires only one mixing angle
0 and therefore the mixing matrix U is defined by:

U — [ cosb sm@}

—sinf  cosf
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10.2 The Neutrino Oscillation

The transition probability for the two flavor states |v,) and |v,) are given by:

Puo =1 — sin? (29)sin2(A:ﬁ;L)
P, = sin?(20)sin?( A;”;L)

The first probability is usually called survival probability due to the fact that v,
survives. The second probability is usually called appearance probability, due
to the fact that the state v, appears.

The most important neutrino properties are masses and mixings and they can
be tested in neutrino oscillation experiments. Most of these test work irrespec-
tive of the nature of neutrino.

10.2.2 Three Flavors limit

The neutrino mass matrix is a not diagonal matrix in the flavor basis. The
unitary transformation U, which relates the flavor to the mass eigenstates of
the left-handed neutrinos is the lepton mixing matrix, also known as PMNS
(Pontecorvo-Maki-Nakagawa-Sakata) matrix.

l/e($) 141 (LC) Uel UeZ UeS V1 ($)
vu(x) | =U|w@)| =[Un Up Us| |
v, (x) . v3(x) . Uq Uz Uss v3(x) .

All 3 x 3 unitary matrices can be parametrized by 3 mixing angles and 6 phases.
However, not all of the underlying physical phases are physical, due to the fact
that some leptons can be rephased and therefore some phases can be absorbed.
The rephase depends on the nature of the neutrinos.

In the case, where neutrinos are Dirac fermions, both charged leptons and neu-
trinos can be rephased.

Aa(z) — ePata(@)
vi(z) — edivi(@)

Therefore the PMNS matrix is redefined as:
Uai — ei((ba*d)i)Uai

There are 5 independent phase differences ¢, — ¢; and 3 phases can be re-
moved from the PMNS matrix. therefore there is only one physical CP-violating
phase.

In the case where neutrinos are Majorana particles, the neutrinos cannot be
rephased, due to the fact that their masses will become complex numbers.
Therefore, the PMNS matrix is redefined as:
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Uai — ei¢a Uai

In this case, there are 3 CP-violating phases.

Considering that there are N of lepton flavors. In the dirac case there are N(N-
1)/2 mixing angles and (N-1)(N-2)/2 phases and in the Majorana there are
(N-1) phases. Therefore, the PMNS matrix can be written as the product of 3
rotations through angles 63, 613 and 615.

1 0 0 Cc13 0 8136_“S C12 si2 0
U= 0 Co3 5923 0 1 0 —S812 (12 0| P
0 —S8923 (23 —3136“s 0 C13 0 0 1
c12€13 A 512C13 s1ze” "
—S12C23 — C12812513€° 12023 — S12823513€"  Sazciz | P
812823 — C12C23813€"0  —C12823 — S12523513€"0  C23C13

Where c¢;; = costl;; and s;; = sinb;;.

In the Dirac case, P is eiter the unit matrix 1. While in the Majorana case, P is
the diagonal matrix containing the twwo phases associated with the Majorana
nature of neutrinos. Without loss of generality, we adopt the following param-

eterization and consider 6 € [0, 5] and dcp € [0, 7].

e’ 0 O
P = 0 e 0
0 0 1

The phase dcp is the so-called Dirac phase of the PMNS matrix. In addition,
the phases in the P matrix are called Majorana phases and without loss of gen-
erality these phases can be restricted in the range [0, 7]. The Majorana phases
appear only in lepton number violating processes. While, the Dirac phase is
related to the neutrino and antieutrino oscillations in vacuum.

11 Neutrino Mass Generation

One of the major issues of the Standard Model and also a motivation for studies
beyond the Standard Model is that neutrinos in the Standard Model-framework
remain massless. To overcome this problem we may introduce the right-handed
neutrinos.

A massless fermion has the the same chirality(helicity) in all frames, while the
chirality of a massive fermion depends on the frame. As for the Dirac masses,
the fermion mass term converts the Weyl field of one chirality into the one of
the opposite chirality. In other words a Dirac mass connects two distinct Weyl
fields. As for the neutrino:

—Lp =mp(PLvr + VrVL)
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11.1 The pure Majorana case

The conservation of the Lepton number ensures that there in no mixing between
vy, and Z/f or vg and l/g.

As for the Majorana mass terms, they violate the fermion number. Therefore
such mass terms are forbidden for charged leptons and quarks. In the case
of charged leptons, the electric charge is violated, while in the case of quarks
the color is violated. In contrast to charged leptons and quarks, neutrinos do
not carry any unbroken gauge quantum number. Therefore, neutrino can be
Majorana particles. The Majorana mass term in the Lagrangian describes the
transition of a left-handed neutrino to a conjugate right-handed anti-neutrino.
The underlying mass term in the Lagrangian is given by:

—Lp = %(DLI/CR +vCgy) = %(DLCI/TL +vTvr) = %Dl/

Where v = vy, + %5

The Majorana mass term for an active neutrino violates weak isospin.

As for the Majorana mass term of the sterile neutrino in the Lagrangian is given
by:

- T -
—Ls =" ([r+RL) =B LCT+1 C9L) = s

Where v, = v¢ + vg

In this case the weak isospin is conserved.

In this analyis we have considered that the masses mp and mp are real and
positive. However, in the most general cases mp and mp are complex or nega-
tive, but we can overcome this proble by redefining the field.

When active and sterile neutrinos are present, Dirac and Majorana mass terms
appear in the Lagrangian. For one family the Lagrangian is given by:

=0C
_ _ mr Mmp 1%
—L=1@ »°) (mD Ms> <y]§%> + h.c.

Where 0 refers to weak eigenstates

Mass | Neutrino | Lepton Violation | Isospin Violation
mrp | Majorana 2 1

ms | Majorana 0 0

mp Dirac 2 %

There are several special cases of the mixed models based on the values of mp,
mp and mg

11.1 The pure Majorana case

In this case mp = 0 and we consider mr = ml and mg = mo and
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11.2  The pure Dirac case

_ .0 c _ . oC
viL = vy, V1R = VR

_ c. - _
VoL = Vj, VYoR = VR

11.2 The pure Dirac case

In this case, we consider mp = mg = 0 and there are two Majorana eigenstates,

with eigenvalues m; = mp and me = —mp and eigenvalues
1,0 oC 1,0 oC
Vleﬁ(l/ LtvL ) VQLZW(VL*V L)
_ 1,0 _ 1 0 oC
nr = 5 R+ 1CR) nr = 5 (v +vr™)

11.3 The Seesaw Mechanism
In this case we consider mg > mp and mg > mp. The eigenvalues are

2 . .
my ~ mrg — mm—'; and mo = m7 and the corresponding eigenstates are:

0 mp, 0C _ .0
ML ~Vvy — misl/L =y

mp 0 oCc _ ,,0C
VoL ~ maVp +vp” =vp

11.4 The Pseuso-Dirac case

This is a perturbation on the Dirac case and we consider mg < mg and
mg < mp. In this case a small lepton number violation is observed and as
for the mass eigenvalues there is a samll splitting between their magnitudes.

11.5 The Mixing

In the case where mp and mg (or/and my) are small we have a non-degenerate
Majorana mass eigenvalue and a significant sterile mixing.
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12 The seesaw Mechanism
The Seesaw Mechanism is a simple way to generate neutrino masses, introducing

the right-handed neutrinos. Therefore there is a new term in the Lagrangian,a
new Yukawa coupling, and is given by:

Lu = huVL¢VR

In this case the h, is expected to be of the same order of the fermion couplings,
which leads to similar mass ranges of the neutrinos as for the Standard Model

fel"InlOIlS.
(V>
R, VR
L

The leptonic sector is given by:

The vg are singlets under the Standard Model gauge group, therefore neutrinos
are allowed to have a Majorana mass, unlike the charged fermions.

The corresponding Yukawa coupling is given by the Lagrangian term :

L = ¢p(peymg vy + MEvTrCyp + hec.

Where the Majorana Mass term for the right-handed neutrinos is included.
Let us introduce the Majorana spinors

vy = VL+O€, Ny EUR-FCDIT_—;
Considering 7y; Nas = Narvar
Therefore,

Ly = (v var) + 1Ny Ny + 2mp(Onvar) + N Nas + 22Ny Ny

Where mp = ¥pv
The 2 x 2 mass matrix:

Where mp and Mg are 3 x 3 matrices. In the limit Mz > mp, where neu-
trinos are prediminantly Majorana particles, the eigenvalues of the matrix are
simplified:

And the eigenstates are
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12.1 Supersymmetry

1~ vy +eNy

QZNM—EI/M

Where € = %D

If Mr < mp neutrinos would be predominantly Dirac particles and if Mp ~ mp
neutrinos would be a combination of Majorana and Dirac paricles.

The seesaw mechanism provides a simple framework for understanding the mag-
nitude of the neutrino masses. However, it does not shed light on the magnitude
of the neutrino mixings. In order to further study and understand the mixing
of neutrinos, one has to go far beyond the simple seesaw mechanism.

12.1 Supersymmetry

Supersymmetry is a possible extension of the Standard Model, transforming
fermions into bosons and vice versa. In supersymmetric theories the mass of
Higgs boson is no longer a free parameter, but a function of more fundamental
Supersymmetry breaking parameters. Supersymmetry must be broken at TeV
scale. The R-parity violation touches on many areas of particles physics, such
as the nature of the dark matter. In the case, where R-parity is conserved, the
lightest super-partner, the neutralino is stable, and therefore can be assumed
to be dark matter. In the case, where R-parity violation is observed, neutralino
becomes unstable and supergravity theories provide another particle that can
be assumed to be Dark Matter, the gravitino. Although gravitino is unstable,
in the presence of R-parity violation, its decay strengths is suppressed by grav-

itational coupling Considering that the lifetime of the gravitino is given by:
N 192MPL

g~
the 4 1é much longer than the age of the universe. Therefore the gravitino can
be assumed to be dark matter.

Supersymmetry (SUSY) has been the best motivated and investigated model of
Beyond the Standard Model physics. The Minimal Supersymmetric extension
of the Standard Model (MSSM) is one of the best description of the BSM,
which consists only two additional Higgs doublets resulting in five physical
Higgs states. In order to study the relation of Higgs boson and Dark mat-
ter in the MSSM framework, the phenomenological MSSM model (pMSSM) is
introduced.

The Standard Model is not a fundamental theory, but an effective theory. There-
fore, in order to overcome its limitations, a extension of the Standard Model
is needed. Super Symmetric Model (SUSY), the main candidate for studying
physics beyond the Standard Model, provides a solution for several limitations.
The experimental verification of the theory is the traditional way of progressing
in physics. Symmetries are both the cornerstone of the Standard Model and
the the guide of Physics Beyond the Standard Model. The Standard Model is
based on the close collaboration between experiment and theory. As for the the-
ory, in the Minimal Super-Symmetric Model (MSSM) Higgs sector is extended
to contain five Higgs-states(h, H, H*, A). Two CP-even Higgs bosons h,H, one
pseudoscalar Higgs boson A, and two charged Higgs bosons H*. The lightest
Higg-state, h, is interpreted as the Standard Model Higgs Boson. The MSSM
is the simplest potentially realistic superymmetric extension of the Standard

where k; ~ 1077 is related to the strength of the R-parity breaking,
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12.1 Supersymmetry

Model.

Due to the fact that the full weak scale R-parity conserving MSSM has 119
parameters, it cannot be studied with the available computer resources. In or-
der to simplify the MSSM, constrains arising from the experiments are applied.
In this framework, flavor-changing neutral currents and additional CP viola-
tions beyond CKM matrix are not allowed. Additionally, each first generation
of sfermions is degenerated with its second generation counterpart. Therefore
the phenomenological MSSM, (pMSSM) was introduced, which gives the most
minimal SUSY extension of the Standard Model, using only 22 parameters.
However, even pMSSM is considered too large to studied thoroughly.

e tanf : the ratio of vacuum expect value, 1 < tanf < %
e My, : the pseudoscalar Higgs mass

e u : mass of higgsino (supersymmetric partner)

e My, M5, M3, bino, wino and gluino mass parameter

o Ay, Ay, Ae, Ay, Ay, A trilinear couplings

o Mg, Mayy, Mdy, M, Me g, MQ, Mg, Mpg, M, M, : sfermion mass parame-
ter

Due to Supersymmetry, only two parameters, the M4 and tanf, are needed to
describe the Higgs sector at tree-level.

The regimes of the pMSSM rely on the values of tanf and My4.

12.1.1 The Decoupling Regime

In this case the CP-even h boson becomes the Standard Model Higgs Boson. It
couples with fermions, gauge bosons and also self-couples. As for the H boson,
it has similar mass and coupling to A boson. For instance, the couplings to
bottom-quarks and 7-leptons are proportional to tan(, while the couplings to
top-quarks are inversely unproportional. As for the mass, it reaches the maximal
value for the h boson, for large values M 4, and in practice for low tang, values
M4 > 300GeV is needed. The H* boson has similar couplings to fermions. In
the heavy decoupling framework, the heavier bosons H,A,H* almost decouple.
Therefore, the Higgs sector is reduced to the Srandard Model Higgs sector |,
where h = Hg)y.

12.1.2 The anti-Decoupling Regime

In this case, the roles of h and H are reversed. Therefore, the h,A bosons have
similar masses, while H almost reaches its minimum value which equals to the
mp® . Due to the fact that my, is bounded, all Higgs particles are light . The

anti-Decoupling Regime occurs to large tanf values.
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12.1 Supersymmetry

12.1.3 The Intense Coupling Regime

In this case, both CP-even Higgs bosons have non-zero couplings to gauge
bosons. In addition, on one hand their couplings to bottom quarks are en-
hanced and on the other hand their couplings to up -quarks are supressed. This
regime occurs for tan < 5 — 10 and fot m4 < 300 — 500GeV .

12.1.4 The vanishing regime

For this regime it is required a relatively large value for tanf and an intermediate-
large value for m 4. Additionally, other parameters of the MSSM must be spec-
ified. These parameters can lead to the the strong suppression of the couplings
of the CP-even Higgs bosons to fermions and gauge bosons.

12.1.5 Higgs productions and decays in the pMSSM

The various regimes play an important role to the Higgs boson decay, depending
on the regime, decoupling or anti-decoupling, h or H boson will be the Standard
Model Higgs boson. Therefore the most dominant decay of the h or H , with a
mass approximately 125GeV will be into bb , followed by ¢¢ and 7~ 7~. In the
intense coupling regime, the dominant decays of h, H are bb and 7t7~. In the
case of the intermediate decoupling regime, H,A and H* may decay into a gauge
boson or/and Higgs boson. Additionally, although the A/H — tt is suppressed,
it may occur. As for the vanishing regime, where Higgs boson’s couplings to
bottom quarks and 7-leptons vanish, the WWx is the most dominant decay and
followed by the gg-channel.

In this analysis the scenarios of the Higgs boson (h) decaying into a supersym-
metric particle must be taken into account. Considering that the sparticles are
heavy, the h-boson may decay only into the lightest pair of neutralinos, through
the invisible channel, h — x{x{. The detectiom of the invisible decay is very
challenging and requires higher energy and more statistics. The decay of heav-
ier Higgs bosons into charginos, neutralinos sleptons and top-squarks are stonly
suppressed for tanf > 10. Another scenario that must be taken into account
occurs when SUSY particles contribute to loop-induced decays. The couplings
of Higgs to scalar quarks are not proportional to their masses, therefore their
contribution is damped by the loop factor q/mé. Only if the factor mg is
not too large compared to the my, sparticles can contribute significantly to the
h — gg and h — ~~ decay.

The production of Higgs boson in the Standard Model framework is identi-
cal with the production of the h-state, in the decoupling regime and with the
production of the H-state, in the anti-decoupling regime. Additionally, in the
decoupling regime the A hbb couplings are enhanced, for large tan3, while in
the anti-couplings the H,hbb couplings are enhanced. In the intense coupling
refgime the h/H/A production are dominant. As for the charged states H¥,
for masses not too close to Mﬁ = my; — my the dominant decay process is
t — H* + b, for large tan.

56



12.1.6 The invisible and exotic decay of Higgs boson

The discovery of the Higgs-like boson raised the question of its couplings to
dark matter particles. In order to identify the invisible particles of the decaying
Higgs boson, they must be produced in association with visible particles. At
the same time, the Higgs boson is a powerful tool for searches of exotic par-
ticles arising from fields associated with a low-mass sector. These sectors are
composed by fields that are signlets under the Standard Model gauge group
SU(3) x SU(2) x U(1), these models are referred to as Hidden Valley Models.
In these models, the Higgs boson decays into an invisible fundamental particle,
which has a long lifetime to decay back to SM particles through a small mixing
with the SM Higgs boson. In addition, the Higgs boson may also decay to a
pair of v-quarks, which hadronize in the hidden sector, forming v-mesons. Some
of the underlying particles are stable, implying a mixed missing energy or they
may decay into leptons, implying low mass lepton resonances.

13 Data Analysis

13.1 The Root framework

Root is an object oriented framework for data analysis. Working in a framework
means that the basic services are provided. Therefore the programmer has less
code to write and at the same time the inherited code has been tested. On the
other hand, working in a framework is a constraint. There are two different ap-
proaches of programming, the object oriented(OOP) and the procedure-oriented
programming(POP).

OQP is a programming language model and programs are based on data. Ob-
ject is a data field that has unique behavior and attributes. OOP focuses on
the objects that programmers want to use. OOP has been criticized, due to the
fact that OOP overemphasizes the data and does not focus on the computation
and the algorithms.

In the POP, functions and sequences of actions are considered of great impor-
tance. In this approach, the given problem is divided into a sequence of functions
to be done. Additionally, each function has a clearly defined purpose. In POP
focus is given on processes rather than data. Therefore, it is difficult to handle
data. In contrast to POP, OOP support inheritance, which allows the attribute
to use functions of other class by inheriting it.

13.2 Analysis

Neutrinos cannot be directly measured by ATLAS detector. However, their
presence can be determined indirectly through the imbalance of the transverse
momentum of the components of the detected particles. Considering that the
initial partons which take place in the hard-scattering process have negligible
transverse momenta, the transverse component of the vector sum of all the par-
ticles that take place in the collision must be close to zero. Therefore, if the
underlying vector sum is greater than zero indicates that some particles remain
undetected. In the Standard Model-framework only the neutrinos escape all the
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13.2  Analysis

detectors. However, in the BSM, the undetected particles may be dark matter
candidates. In the H — bb, leptons (electrons,muons) and jets are considered as
physical objects. As for the electrons, several criteria must be applied in order
to distinguish prompt from non-prompt electrons. The non-prompt electrons
are coming from conversions and hadron decay. In addition, electrons must be
well isolated from jets. As for the muons, they have to satisfy several criteria
and they must be well isolated from jets. The key to this analysis is the identi-
fication of b-jets, the so-called b-tagging.

The main goal of this thesis is to exploit the lepton multiplicity of the leptoni-
cally decay of H — bb process in order to provide information about neutrinos
and their reconstruction. One may claim that the underlying process is the
“golden” channel for a plethora of studies. In the H — bb process Higgs cou-
plings to b-quarks can be studied directly at tree level. In addition, the invariant
mass of the Higgs boson is described by the sum of a signal. However, due to
the contamination of the background, the precise measurement of Higgs boson
mass is far from being trivial. Once the mass is known, all its properties are
fixed. The mass of the Higgs boson was measured to be 125.09+0.24GeV using
combined data from ATLAS and CMS.

N A e e
ATLAS ~Total [ Stat. only
Run 1: /5= 7-8 TeV, 25 fb™, Run 2: {5 = 13 TeV, 36.1 b Total  (Stat. only)
Run1H—dl  F———f 124514052 +0.52) GeV
Run1H-yy H——e—— 126,02+ 051 (£0.43) GeV
Run 2 H—4! — 124.79 +0.37 (£ 0.36) GeV
Run 2 H-yy ._—.l__. 124,93 +0.40 (+0.21) GeV
CRntetod | e T 124715030 (£030)GeV
Run 142 H-yy —a— 12532 +0.35 (+0.19) GeV
| RuntCombined  4—e— 125382041 (2087 GeV
Run 2 Combined —— 124.86 £ 0.27 (£0.18) GeV
CRniCombned e T 12497 £024 (£0.16)GeV
| ATLAS+CMSRn1 iH """""""""" 125.00£024 (£021)GeV
Lo v v b b b by

123 124 125 126 127 128
m,, [GeV]

Figure 8: The measurements of Higgs Boson mass in ATLAS
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One of the most important variables that can be exploited from this analysis
is the Higgs invariant mass. Neutrinos only interact via weak interactions.
Their energy and momentum cannot be measured and their presence affect the
kinematics of the collision. Taking the vector sum of all the particle that take
place in the collision and applying the principle of Conversation of Momentum.

However the total momentum of the initial state is unknown, therefore the
calculation of momentum of the undetected particle is not trivial. In addition,
the precise measurement of the transverse momentum is far from being trivial,
due to the fact that requires the reconstruction of all particles taking part in
the collision. The invariant mass of a system consisting N particle is given by:

Miny = |sz|
N

Where p; is the four momentum vector of the i-th particle.
While the transverse mass only takes into account the transverse momenta and
the corresponding energies. The transverse momentum is given by:

my = \/2(Er1Brs — pr1pr2)

The precise measurement of the transverse momentum is far from being trivial,
due to the fact that requires the reconstruction of all particles taking part in
the collision.

Another important issue that must be taken into account is the multiplicity
of the invisible particles. A system of invisible particles is different form an
invisible particle. In the case of the particle system the mass is different event-
by-event, therefore the mass of the invisible particles is not a “constant”. In
order to overcome the underlying problem, an Ansatz is required. In the collid-
ers the final states is consisted by a pair of visible particles and one invisible.
Theoretically, a fully general model can consist any number of invisible parti-
cles in the final state, although most models usually consist only two invisible
particles. Considering that there are only two invisible particles, x1, 2 ,where
my = mo = m, with pr 1 and pr s respectively and assuming pr 1 + pro = i7.
We compute the transverse masses and from the properties of the transverse
mass: maz(myi,mys) < m, and we consider mrs = min(maz(my1,mysz)) In
general the mpo relies on the mass of the invisible particle.

In order to fully understand the experimental results, the significance of the de-
cay width of the Higgs boson must be recognized. Considering a Higgs mass of
125 GeV the total decay width is 'y = 4.07 x 1073GeV of total decay width of
Higgs boson, which leads to the computation of Higgs boson lifetime ~ 107225,
Due to the short lifetime of Higgs boson only its decay products can be detected.
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Figure 9: The total Higgs boson decay width

The branching ratio strongly depends on the mass of the Higgs boson. However,
the sum of all the branching ratio must equal to one. Therefore, a single shift
will affect all the branching ratios.

The studies are focused on the "key” channels.

Decay Branching Ratio

H — bb 58%
H—-Ww* 21%
H— 7™ 6.3%
H— ZZ* 2.6%

H — vy 0.23%

Table 1: The "key”decay channels for myg = 125GeV

The branching ratios have been calculated using HDECAY and PROPHECY4F.
In order to calculate the branching ratios, all partial widths must be calculated,
as well as the the total decay width. On one hand HDECAY calculates the
branching ratios of Higgs boson in the Standard Model and of the five states
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of Higgs boson in the MSSM. On the other hand the PROPHECY4F generates
MC events for the leptonic, semileptonic and hadronic final states of the Higgs
boson and provides the underlying partial widths.

The uncertainties of the partial and the total decay widths depend on a large
number of parameters of the Standard Model. The underlying uncertainties
branch into parametric and theoretical uncertainties. On one hand theoretical
uncertainties arise from approximation in the theoretical calculations. contri-
bution of higher orders, On the other hand parametric uncertainties are related
with the input parameters (as, my, me, My).

E 1 __ T | T T T T T T T I__E
S  r s WW Z%
2 T
I
|9 10-1_ TT 27 5
+ N
Eé - CcC ' -
g} n _
S107%: E
I C -
1073 | =
C N .
1 0-4 L ; I | L0
90 200 300 400 1000

My [GeV]

Figure 10: Branching Ratios for Higgs boson

Considering that in the Standard Model, Higgs boson mass is ~ 125GeV, the
studies focus on the light higgs boson branching ratios.

61



13.2  Analysis

t 1 [ T T T T T T | T T T T T T T T T | T T T 1 :‘_&
@ = e
= - bb o :i
2 T
S
|9 1 0-1_ TT / 27 - 3
e E
Eé — cC n
2 I ]
S107%: E
I - -
10°° -
1 0'4 | 1 1 | | | 1 | 1 | | I 1 | | | 1 | | | 1 |
80 100 120 140 160 180 200

My [GeV]

Figure 11: Branching Ratios for light Higgs boson

From the diagram it is obvious that the “key” channels of the Higgs boson de-
cay are not necessarily the most dominant ones. In particular, the H — gg and
the H — c¢ are excluded due to large uncertainties, considering my ~ 125GeV.
From the underlying diagram, one may also claim that the uncertainties of the
decay widths are related to the mass of the Higgs boson. For instance for
mpy ~ 160GeV neither of the forementioned decay channel would be exluded
and additionally the uncertainty fro the H — 777~ would be much smaller.
As for the five "key” decay channels the add up to = 0.88.

The H — 7y is also considered as a “golden” channel, despite its tiny branching
ratio. This can be explained by the fact that this channel enjoys a clear excess
over the background and additionally the efficiency of the identification and
reconstruction of photons allows precise measurements. In contrast to H — vy
decay, the H — bb suffers from large background, arising from the multijet
production. In additon, in the H — ~~ all particles in the final state can be
detected and therefor reconstructed. While in the case of the H — bb neutrinos,
which remain undetected from all detector, may be present in the final state.
Therefore, the reconstruction is far from being trivial.

The point of departure of a plethora of studies is the b jet identification. There-
fore, the study of the H — bb process requires a high efficient b-jet identification.

62



13.2  Analysis

Jets branch into three categories, b-jets, c-jets and light jets. In order to cat-
egorize the jets the following method is applied: If a b-hadron is detected the
jet is labeled as a b-jet. Otherwise, if a c-hadron is detected the jet is labeled
as a c-jet. If no b or c- hadrons are found, the jet is labeled as a light jet. The
importance of b-jets was mentioned in the section [} However, c-jets also enjoy
a special status in particle physics. Jets containing c quarks, like b-jets , are
characterized by a relative large branching ratio into final states , with lepton
in the final state, The importance of semileptonic and leptonic decays was ana-
lyzed in[8.2] and [B.3] respectively. In addition, c-hadrons are long lived hadrons,
which plays a crucial role in vertex reconstruction, as it was analyzed in [5.1] .
In the H — bb the contribution of the multijet background is large in the total
background. Each one of the b-quark decays may contain in the final state 0,1,
or 2 leptons. In addition the c-quark may decay leptonically into a s-quark.
Therefore, the decay chain process b — ¢ — s will contain 0,1,2,3 or 4 leptons
in the final state. Events are categorized into 3 channels based on their lepton
multiplicity, 0,1, and 2 channel. Due to the fact that the signal-to-background
ratio increases for large pr, the studies focus on high pr spectrum.

The dominant production mechanism fro the H — bb is the gluon fusion ~ 87%
at LHC. In the most sensitive channel of the underlying decay, Higgs boson is
produced with a W or Z boson, which decay leptonically. There are two main
properties of b-hadrons that are exploited in a plethora of studies. B-hadrons
decay leptonically is realtively high ~ 35%, therefore the presence of a lepton in
a jet may be used as a signature of a b-hadron. In addition, the mass of b-quark
is much larger that its decay products, which affects their kinematical proper-
ties. In particular, the decay products must have a large momentum. Based on
these properties, the b-tagging algorithms exploit the b-hadron lifetime and the
relatively significant displacement of secondary vertex, with respect to the pri-
mary vertex. Due to the fact that b-tagging is the departure point of a plethora
of studies, the efficient of -tagging is crucial. There are six different channels of
H — bb, associated with a vector boson. Each one of these channels must be
studied seperately.

Decay sub-channel
W{(uv)
W (ep)
W (rv)
Z(pp)
Z(vv)
Z(ee)

Table 2: The decay sub-channels of H — bb produced in association with a
vector boson V (W,Z).

The thesis exploits the b-quark decay to a c-quark. In addition, the c-quark
further decays into a s-quark. Schematically, the decays are:
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13.3 Strategy

The invariant mass is calculated using the momentum of all particles taking
place in the collision. Due to the fact that the neutrinos remain undetected, in
order to reconstruct the invariant mass at some level of accuracy, the following
method is applied.

The invariant mass reconstruction uses all the events that pass the event selec-
tion criteria. The first step for the invariant mass reconstruction is to identify
the jets containing b quarks.

Jet can be defined as a cone within particles are contained or a collimated ”
spray” of particles. At the particle level, jets consist all particles with a lifetime
of at least 10ps. In addtion, a distance parameter R must be defined:

R=/(An)? + (Ag)?

Where 7 is the pseudorapidity and ¢ is the azimouthial angle.

Each jet is represented by a four-momentum vector. The size of a jet is deter-
mined by the radius R.

Hadronisation is the transition from colored partons to color-neutral hadrons.
The jet built from partons has larger energy and pr than a jet of the same size
built from hadrons, because a fraction of energy is lost in the hadrons. This
loss is larger when the R is smaller.

Particles with large transverse momentum decay in products of heavy particles
tending to be collimated and reconstructed as a single jet. These jets are called
fat jets. The decay products of the collision, due to high momenta are colli-
mated and therefore are reconstructed as a single jet. In addition, events with
a pair of jets are called dijet events. After the comparison of the distribution
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of the fat jet invariant mass and the dijet invariant mass with the boson pr
spectrum, we come to the conclusion that the fat jet mass distribution is closer
to the boson pr.
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Figure 12: True and Reconstructed Higgs boson pr

If R < 1.0, where R is the distance between the fat jet and the b-hadron and
the corresponding angle ¢ € [—0.5,0.5], where ¢ is measured in rad, we consider
that the fat jet contains a b-hadron. In order to extract information about the
neutrino mass we plot the fat jet invariant mass based on lepton multiplicity.
Leptons lead to mass shifting, which provides the information for the neutrino
mass. The neutrino reconstructions leads to higher accuracy of the measure-
ments of the Higgs boson properties.

The first step of this analysis is to identify b-quarks coming from Higgs de-
cay. Therefore partonPdgld and parentPartonPdgld are used. In particular,
for each parton, if it was identified as b-quark (partonPdgld =5) and it was the
decay product of a Higgs boson (parentPartonPdgld=25), it is considered as a
b-quark coming from a Higgs boson decay. For every parton which passes the
forementioned criteria a Tlorentz vector, which represents its four-momentum,
is defined. The next step is to find the bhadron that is closer to the underlying
parton. For the underlying b-hadron we sum the secondary and the tertiary lep-
tons, as well as the secondary and tertiary charged leptons, seperately. There
are five different options 0,1,2,3, or 4 leptons and charged leptons.
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For every b-Hadron a Tlorentz vector, which represents the four-momentum
of the underlying bHadron is defined. In addition, for every fatJet a Tlorentz
vector, which represents the four-momentum of the underlying fatJet is de-
fined. The fatJet invariant mass for every fatJet is also computed. The cone
of bHadron must be defined, we consider A¢ = [—1,1] and AR = 1.0. This
thesis focuses on event categories based on the lepton multiplicity in a jet.
For a given b-Hadron we check whether each lepton belongs to the underlying
hadron. Therefore, the distance between the b-Hadron and the underlying lep-
ton is < 1.0. If the lepton passes this criteria, the flavor of the letpon must be
identified (electron or muon, in this analysis). In order to distinguish prompt
from background lepton, another criteria must be applied. The distinguish be-
tween prompt and background leptons is based on the pr of the underlying
lepton. For e, v.,(Pdgld =11 and Pdgld=12, respectively) must be larger than
50GeV and for p,v,,(Pdgld =13 and Pdgld=14, respectively) must be larger
than 25GeV GeV. Therefore, depending on the type of the lepton the fatJet
invariant mass is reconstructed.

In the second phase of the analysis we use the reconstructed leptons(electrons
and muons). The electrons branch into e and v, therefore we use the electron-
Charge (electronCharge = 1, for e and electonCharge=0, for v,). Similar to
electrons, the muons branch into p and v, therefore the muonCharge is used
(muonCharge = 1, for p and muonCharge=0, for v,). The next step is to
distinguish prompt and background leptons and therefore criteria based on the
pr spectrum are applied. For e and v, pr larger that 50GeV and 100GeV, re-
spectively are required. As for the p and v,, 25GeV and 50GeV, respectively
are required. Additional criteria may be applied in order to reject background
and enhance the sensitivity. These criteria exploit topological and kinematical
variables.

By far the most used characteristic of a jet is the py. The majority of the
studies focus on high pr, however the predominance of the events is at low
pr. In the low pr region, the convergence of the perturbative expansion is
spoiled due to large logarithmic terms. The distribution of the pr spectrum of
b-Hadrons,leptons and partons.
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Figure 13: The pr spectrum of electrons and muons
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Figure 14: The pp spectrum of leptons
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Figure 15: The pr spectrum of b-Hadrons
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lepton Pt Spectrum
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Figure 16: The pr spectrum of leptons
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Parton Pt Spectrum
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Figure 17: The pr spectrum of partons
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13.4 Results and Conclusions

An algorithm for reconstructing the invariant mass of the fat jets based on
lepton multiplicity was represented. The position of the Higgs mass peak was
shifted to a higher value due to the leptons. The optimization of the underlying
algorithm may lead to significantly improved results. This means that a more
sophisticated method will provide more quantitative and qualitative knowledge
of the phenomenology of Higgs boson.

First and foremost the selection criteria must be improved, the used selection
method performs poorly. In addition, the background distribution must be es-
timated with higher accuracy. Systematic uncertainties must also be taken into
account. At the same time, current technical limitations play a significant role
to the precision of the measurements. There is still much room for technical im-
provements. In addition, one of the important parameters of the reconstruction
is the size of the jet. The optimization of the size of the jet in order to include
all the decay products is considered of great importance. The reconstruction
of the tracks of the charged particle depends on the identification of the hits.
The identification is much more challenging due to the pile-up contamination.
The improvement of the technical and computational methods is essential for
the efficiency and accuracy of the reconstruction of the Higgs boson mass. Once
the mass if fixed, its properties are known.

In order to compute the mass shifting, we use the distributions and find the peak
for each lepton multiplicity. Based on the lepton multiplicity 0,1,2,3,4, we plot
the invariant mass. In order to find the peak, we fit the gaussian distribution.
The peak corresponds to the Higgs mass. We also consider the interval of the
Higgs mass 0. The o is given from the gaussian fit.

The plot of the reconstructed secondary and tertiary leptons based on lepton
multiplicity

Table 3: Secondary and Tertiary Leptons(k)

Number of leptons | Higgs Boson Mass | Sigma Interval
0 118.461 14.8034 | [102.657,132.264]
1 109.931 16.0819 | [92.8489,125.013
2 107.835 19.1759 | [86.6597,125.012
3 111.504 16.9455 | [93.5584,127.449
4 114.292 16.2343 | [94.0574,126.526
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Figure 18: Shifting of Higgs Boson Mass due to leptons

Table 4: Secondary and Tertiary Charged Leptons(ke)

Number of leptons | Higgs Boson Mass | Sigma Interval
0 108.413 18.5292 | [89.8836, 126.943]
1 104.490 19.4503 | [87.0398, 125.094
2 110.216 17.9441 | [92.2718,128.160
3 110.887 18.1088 | [92.7783,128.996]
4 112.846 16.4959 | [96.3502,129.342]
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Figure 19: Shifting of Higgs Boson Mass due to charged leptons

In the case of charged leptons (e, 1), due to the high mass of the underlying
leptons, lepton multiplicity changes the scale of the plot. While in the case of
leptons (v, v,,), due to their law mass, there is no difference in the scale. How-
ever, in both cases one can observe the mass shifting of the Higgs boson, due to
the leptons and charged leptons.

Using the reconstructed ant charged leptons (e, u) and the reconstructed and
true leptons (vev,), the fat jet invariant mass is plot.

73



700

600

500

400

300

200

13.4 Results and Conclusions

100 HF-- gl -

ﬂ. ................. Electrons and Muons

Electrons, Muons and Neutrinos

L1 | [ B B | R T R T B HLJJ.H.HLL.W_‘_,& o lldl ok, ‘\

50 100 150 200 250

Figure 20: Reconsructed Charged Leptons and Leptons

..............................................................................................

74




13.4 Results and Conclusions

: E : Electrons, Muons and Neutrinos
250 [ R o

— : ' Electrons and Muons
200 o S S T
150 L e e
100 N e — —

50 T T B e
O 1 | J}l.”ikiu\l‘l‘ LT WA : | It ol
150 200 250 300

Figure 21: True Charged Leptons and Leptons

The criteria used in this analysis do not allow the neutrino reconstruction.At
the same time the true leptons and rue charged leptons may leave room for the
neutrino reconstruction. Therefore, one must focus on the improvement of the
selection criteria. In addition, important roleto the neutrino reconstruction play
the background distribution and the systematic uncertainties.
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13.4 Results and Conclusions

Another important issue that one must take into account is
the leptons (v.r,) and the charged leptons (e, 1) produced.
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Figure 22: Lepton Multiplicity
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Figure 23: Charged Lepton Multiplicity

These results agree within errors with the theoretical branching ratios of the
leptonic and semileptonic decays. In addition, the number of the produced lep-
tons and charged leptons agree within errors with the true leptons and the true
charged leptons, respectively.

13.5 Background in the H — bb

As was mentioned before, H — bb decay suffers from large background. The
final states of the H — bb is characterized by the lepton multiplicity. In order
to optimize the studies the simulation of the signal and background events is
required.

In order to maximize the accuracy of the measurements at the LHC, the

contamination of pile-up effects must be taken into account. Pile-up effect,
as mentioned before, contaminate the final state of the collision and therefore

7



13.6 The differences of ATLAS and CMS detectors

complicates the reconstruction process. It is crucial for the precision of the mea-
surements to correct this contamination. There are five different types of pile up
effects. The Cavern Background is composed mainly by low energetic, neutral
and long lived particles (such as neutrons and photons) arising from high lu-
minosity and large cross-sections, and resulting to a high flux of background in
the ATLAS cavern. In addition, cavern background damages detector elements.
Therefore, its modeling aims at the decontamination of the measurements as
well as the protection of the detectors. There are to methods for the decontam-
ination of the background : the simulation and the data-driven background. As
for the simulation, this method depends on the Monte Carlo modeling. Another
method applied for the decontamination of the results is a data driven method.
In this case, the background estimation is not dependent on the MC generator,
but on data taken during running, During the data taken time the conditions
of the detectors are known and can be recreated. However, this method cannot
be used for the simulation of new detectors and subsystems, that they have not
collected data yet. For both methods, the signal and the background events
must have the exact same conditions.

There is always room for improvement of the signal-to-background ratio. A large
contribution of the total background in the H — bb has the multijet background.
The multijet background arises either from misidentified jets or photons as elec-
trons or either from semileptonic heavy flavor decays. In the 0 lepton channel
the contribution of the multijet background to the total background is =~ 1%
. In the 1-lepton channel the contribution of the multijet background strongly
depends on the pr and on the lepton (whether it is electron or muon) . In the
low pr region, where pr < 120GeV contributes ~ 11% to the total background.
In addition the multijet background for electron is twice as large as the muon
background. For ppr > 120GeV the contribution of multijet background to the
total background is much smaller. As for the 2-lepton channel, the altogether
contribution of the the 2-muon sub-channel the multijet background is negligi-
ble.

The branching ratio of the h — bb is large, the presence of neutrino in the final
state is leading to a poor resolution of the Higgs mass. In order to study this
decay in detail, further categorization will be applied. Depending on the lepton
multiplicity in the final state, the contribution of the background is different.
High pr is required in order to reduce Drell-Yan contamination. Drell-Yan pro-
cess occur when quarks annihilate into leptons. A detailed description of the
partons interaction is required in order to understand the structure of the pro-
ton. These studies will provide more precise measurements of the p-p collisions
and the background at LHC.

The sharpening of the mass peak improves the results. The modeling of the
background relies on the data. The H — bb process requires a high efficient
b-jet identification. In the H — bb process Higgs couplings to b-quarks can be
studied directly at tree level.

13.6 The differences of ATLAS and CMS detectors

ATLAS and CMS detectors share many fundamental design features. However,
despite their similarities, the detectors are quite different. Both ATLAS and
CMS detectors contain concentric subsystems and they are designed in order to
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measure the momentum and the energy of the particle produced in the proton-
proton collision. Each subsystem detects different particles. For the charged
particles their momentum can be measured by the reconstruction of their tra-
jectory in the magnetic field. Large bending (large magnetic) is required for
precise measurements of high energetic charged particles. Therefore CMS, com-
paring to ATLAS provides a better resolution for charged particles. The main
differences of ATLAS and CMS are found in the calorimeters. For both ATLAS
and CMS, in order to measure the momentum of particle showers, the energy
deposit, which is proportional to the signal, is exploited. The calorimeters must
fully absorb particles in order to fully measure their energy deposit. The outer-
most subsystem for both ATLAS and CMS experiment is the muon spectometer.
Due to the fact that muons are charged particles, they are identified in the inner
tracker. However, they escape the calorimeters. In the spectometer, based on
the bending of the trajectories of the particles their momentum is measured
and the measurements of the inner tracker can be used for confirmation. The
detection of muons is based on the ionization of the chambers The material
used in ATLAS calorimeters is lead. In CMS the electromagnetic calorimeter
is made of led tungstate crystal. As for the hadronic calorimeters, in CMS is
inside the magnetic field, while in ATLAS is outside and therefore it can be
larger. By and large, one may claim that the efficiency of b-tagging in ATLAS
and CMS is similar. While the momentum resolution of CMS is superior to the
ATLAS.However, the combination of ATLAS and CMS searches for H — bb is
required for the precise measurement of the Higgs mass.

14 Future of the studies

The determination of the origin of the neutrino mass will give the global picture
of the neutrino physics. However, the origin of the neutrino mass can only be
explored experimentally at the colliders. Therefore FFC is expected to play a
significant role on the neutrino physics.

14.1 Physics at ete™ colliders

Higgs mechanism triggers the breaking of the Electroweak Symmetry and as
a result the masses of the fundamental particles are generated. The discovery
of the Higgs boson at the LHC opens a new era of particle physics. At this
point, that the mass of Higgs boson is known, the studies focus on the the
measurements of its properties with high accuracy. Therefore new colliders are
design as the Future Circular Collider (FCC) at CERN and the Circular Elec-
tron Positron Collider (CECP). The Higgs measurements at LHC are limited by
the Higgs width measurements. In contrast, the positron-electron collider pro-
vides precise measurements on Higgs couplings and exotic decay ratio. Leptons
are fundamental particles, therefore the initial state is known and additionally
the background is decent. Protons, on the other hand, are acomposite particles,
therefore the PDFs; which provide an additional theoretical uncertaintiy, must
be included in calculations. In addition, pp collisions suffer from high back-
ground.

By and large, pp colliders are discovery oriented, while ee colliders focus on the
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precision. The accuracy of the measurements at ee colliders are related to the
large statistics collected and additionaly as for the FCC the Higgs widths are
better determined. The dominant Higg decay at LHC is H — bb (~ 58%) and
the H — decay with a braching ratio or ~ 0.2%. A huge advantage of the
ee colliders over pp-colliders is the fact that at ee colliders measurements of all
channels are allowed. The accuracy of Higgs measurements relies on the statis-
tics , therefore larger statistics are always appreciated. At electron-positron
collider, the dominant processes for the Higgs boson production are the Hig-
gsstrahlung and the Vector Boson Fusion (VBF). In the Higgsstrahlung process
the center-of-mass-energy,/s, is 240-250GeV and the Higgs boson is produced
in association with a Z boson.

14.2 The Future Circular Collider (FCC)

The Future Circular Collider (FCC) of a total circumference of 100km is the
most powerful and promising heir of LHC. FCC collider will operate on multiple
center of mass energies, producing :

NG Production
~ 91GeV 5102 Zbosons
~ 160GeV 108WW
~ 240GeV > 10® Higgs bosons
~ (350 — 365)GeV > 100t

In this new era of lepton colliders, Higgs boson from a object of search may
become an exploration tool. On one hand FCC focuses on the precision of the
measurements and at the same time, it can provide important information on
the Dark Matter. By now, no experiment at colliders or otherwise, can pre-
dict the full range of mass of Dark Matter particles, allowed by astrophysical
observations. In the LHC, the “new” particles haven’t be observed which in-
dicates that they couple too weakly with Standard Model particles or they are
too heavy to be produced. The new physics is constrained to lie further than
the EW scale therefore the studies at future colliders will be at the low limit.
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