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The lesson you need to learn right now
can’t be taught with words,
only with action.

LEVI ACKERMAN



Introduction

The Standard Model of Particle Physics (SM) is the theory that accurately
describes three out of the four known fundamental interactions occurring be-
tween particles. The predictions of this model have been experimentally ver-
ified extensively and with high precision, and all the particles included in its
framework have been observed, the last one being the Higgs boson at the Large
Hadron Collider (LHC) at CERN, in 2012. Despite its great level of predictiv-
ity, the SM is inherently incomplete, since it does not account for a plethora
of phenomena, among others the existence of Dark Matter and Dark Energy,
gravitational interactions, the presence of neutrino masses, the suppression
of flavour changing neutral currents, and the matter-antimatter asymmetry.
Many theories have been formulated in order to overcome these shortcomings;
some of these theories either propose the existence of extra dimensions for the
inclusion of General Relativity (hence gravity) or the presence of extra interac-
tions and fields, providing an extension of the already existing SM. Almost all
these theories, classified as theories Beyond Standard Model (BSM), predict
the existence of heavy resonances such as the W’ boson, a hypothetical heavy
copy of the SM W boson of electroweak interactions, with the same quantum
numbers of its SM counterpart but with much higher mass. Such particles
could be produced in proton-proton collisions in the energy reach of the LHC.
Experiments such as the Compact Muon Solenoid (CMS) actively search for
these and many other particles that could be hint of new physics BSM. The
W' boson could decay in a top and a bottom quark; this decay mode is of par-
ticular interest as it could be the main signature for many models foreseeing
the W’ coupling preferentially with the third generation of quarks and leptons.
Besides, it has a peculiar decay chain, where the top quark further decays to a
b-jet, lepton, and neutrino triplet. The main purpose of this work is the iden-
tification and reconstruction (tagging) of the top quark with the CMS detector
via the study of its decay in the previously mentioned final leptonic state. In
order to improve on the existing searches and enhance the possibility of a dis-
covery of the W’ boson at the LHC, Machine Learning (ML) techniques were
used in the top-tagging process. The performance of said ML algorithm can
be tested by performing an analysis on simulated samples and comparing the
expected results to the existing analyses. This work is thusly structured:

e Chapter 1: an overview of the SM of Particle Physics;

e Chapter 2: a description of the LHC and the CMS experiment;



e Chapter 3: a presentation of BSM Physics theories, with main focus on
those predicting the existence of the W’ boson;

e Chapter 4: an account of the object selection and reconstruction, with a
brief description of the functioning of the used Machine Learning algo-

rithm;

e Chapter 5: the analysis developed for the reconstruction of the W/ boson
and the description of the fit procedure and its results.



Chapter 1

Standard Model of Particle
Physics

The Standard Model of Particle Physics (SM) is a quantum field theory that
describes three out of the four known fundamental interactions: the electro-
magnetic, strong and weak forces. In 1961 S. Glashow unified the electromag-
netic and weak interactions, and in 1979 S. Weinberg and A. Salam incorpo-
rated the Higgs mechanism into Glashow’s framework. The theory of strong
interaction, namely Quantum Chromodynamics (QCD), was developed during
the 60s and 70s, as a result of the efforts of many scientists, who contributed
to shape it in its currently known form. Fundamental contributions worthy
of note were, for instance, those of M. Gell-Mann and G. Zweig, for the de-
velopment of the first three-quark model and that of O. W. Greenberg, who
first introduced a new quantum number called colour. The picture of strong
interactions was reached in 1973, when the theory of the asymptotic freedom
of strong interactions was proposed. The SM has been proved to be incredi-
bly precise and accurate in its predictions. However, it does not account for
many observed phenomena; a dedicated discussion on some of those and their
potential experimental implications is given in Chapter [3|

1.1 Overview of the Standard Model

The SM describes particles and force fields with the same formalism, for the
interaction itself arises from the exchange of particles called mediators. It is a
SU(3)e x SU(2)r x U(1)y quantum field theory, meaning that the Lagrangian
Density £ must be invariant under the action of this group. The subscripts re-
fer to the colour charge C, left-hand chirality L and hypercharge Y'; these quan-
tities are conserved under transformations belonging to the SU(3)¢, SU(2)L
and U(1)y groups respectively.

Each group has different generators:

e 8 Gell-Mann matrices A; for the Special Unitary group SU(3)¢;

e 3 Pauli matrices 7; for the Special Unitary group SU(2)r;



e 1 Identity matrix I for the Unitary group U(1)y.

Each generator is associated to a gauge boson, the mediators of the interaction
between particles:

e From the SU(3)c symmetry, 8 gluons act as mediators of the strong
interaction taking place between gluons;

e From the SU(2), x U(1)y symmetry, 3 W bosons of weak isospin and
the B hypercharge boson arise.

Actually, W; 23 and B are not physical fields: the real bosons are generated
through a spontaneous symmetry breaking of SU(2), x U(1)y. As a result of
this break, 3 vector bosons, W* and Z, mediate the weak interaction, while
the electromagnetic force is carried out through the exchange of a photon v. A
summary of the gauge bosons of SM and their properties is shown in Table [L.1]

Boson | Electric Charge Mass|[I] Spin Interaction
Gluon 0 0 1 Strong
Photon 0 0 1 Electromagnetic
W +1 80.379 +0.012 GeV | 1 Wealk(CC)
Z 0 91.187 +0.002 GeV | 1 Weak(NC)

Table 1.1: Gauge bosons of the SM [I]; CC stands for Charged Current, while NC stands
for Neutral Current.

In SM, particles are divided in bosons and fermions: the former have integer
spin values and obey the Bose-Einstein statistics, the latter have half-integer
spin values and abide by the rules of the Fermi-Dirac statistics. As already dis-
cussed above, interactions are associated to one absolutely conserved quantum
number and to a boson multiplet, whose components are the actual mediators
of the interaction. In the SM, elementary fermions are either quarks or leptons.
Quarks take part in electromagnetic, weak, and strong interactions, therefore
they are elecromagnetically, weakly, and strongly charged. They have different
flavours: up, down, charm, strange, top(truth), and bottom(beauty). They are
divided in three generations in accordance with the timeline of their discovery.
Quarks and their properties are listed in Table [1.2]

Leptons can interact weakly and electromagnetically. They are distinguished
in three generations, just like quarks. Each generation (also called family) is
composed of a massive, charged particle and a massless, electrically neutral
one. Table [1.3]lists their main characteristics.

1.2 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the quantum field theory aimed at de-
scribing the electromagnetic interaction. The Lagrangian density for QED is
obtained by imposition of gauge principles on the free Lagrangian density:

7



Generation Particle Charge Mass[MeV]|

: u 2/3 ¢ 2.32 £ 0.10
d -1/3e 4.71 £ 0.09

. s 2/3 ¢ 1280 + 25
c -1/3e 92.9 +0.7

- t 2/3e¢ 17334+ 0.27+0.71 x 10
b 1/3 ¢ 4180 + 30

Table 1.2: Quarks and their properties [I]

Generation Particle Spin Charge Mass|MeV]

I e 1/2 —e 0.511
Ve 1/2 0 0

I i 1/2 —e 105.7
v, 1/2 0 0

I T 1/2 —e 1776.86
vy 1/2 0 0

Table 1.3: Leptons and their properties [I].

L = i 0, — mipy (1)
where 1) is the Dirac-bispinor field, v is its adjoint, m is the mass of the field,

and v* are the Dirac matrices. In order to obtain the Lagrangian density for
QED, Equation [I.1] must be locally invariant under U(1) transformation:

W — ) =P, (1.2)
By substituting in Equation [I.1], the Lagrangian becomes:
L'p =iy o" — myy. (1.3)
Expanding the terms one obtains:
L= ipy"O1) — 0u0(x)ihy"sp — ma) (1.4)

This new Lagrangian density has an additional term that renders it not locally
invariant. Gauge principles restore the invariance by adding an interaction field
to the lagrangian, namely the electromagnetic four-potential A*, that abides
by the following transformation law:

AP s AP = AF — QMA (1.5)

in which A(Z,t) is a generic twice continuously differentiable function. By
replacing the derivative d,, in Equation with the covariant derivative

D, =0, +ieA, (1.6)

8
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Figure 1.1: Standard model of Particle Physics: 12 fundamental fermions and 5
fundamental bosons. Brown loops indicate which bosons (red) couple to which fermions
(purple and green).

where e is the electric charge of the bispinor field, one obtains:

L = iy Oup — ey Ayt — mapp. (1.7)

The new interaction term cancels the extra term in the previous expression for
L' (Equation and grants local gauge invariance; the Lagrangian density
for QED is obtained by finally adding a kinetic term for the electromagnetic
field. Defining the Electromagnetic Field Tensor:

Fr = 9rAY — 9V A* (1.8)
The Lagrangian density for QED is:
- - - I .
Lopp = W0 — epy" Ay — mypyp — ZLF# Fu (1.9)

1.3 The Electroweak Unification

At the beginning of the 20th century, the electromagnetic interaction had been
the subject of extensive and thorough studies that brought to the formulation
of QED, the theory that describes electromagnetic phenomena in great details.
However, not all the known occurrences could be explained via the application
of QED principles, for instance the S-decays. Two types of 3 decays were
known, 5~ and 37; the former consists in a proton that converts into a neutron
emitting an electron (called, in fact, 8 particles in Nuclear Physics), while the


https://en.wikipedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg

latter sees a neutron becoming a proton and releasing a positron.

X(Z,A) —Y(Z+1,A) +e (1.10)
X(Z,A) —Y(Z—-1,A)+e" (1.11)
X(Z,A)+e —Y(Z—-1,A) (1.12)

Equation is a process called Electron Capture, another phenomenon dis-
covered at the beginning of the last century that was deemed impossible to
explain with the prevailing knowledge of QED. E. Fermi and W. Pauli first
noticed that the energy spectrum associated with the electron was continuum;
according to the kinematic laws of two-body decays, in order for the momen-
tum an energy conservation laws to still be valid, the energy of the electron
must be discrete. Furthermore, the non conservation of angular momentum
posed another problem to the idea that these were closed kinematics processes.
This discrepancy resulted in the discovery of neutrinos; the existence of this
massless particles explained the continuum energy spectrum of beta decays:

X(Z,A) —Y(Z+1,A)+e +7, (1.13)
X(Z,A) —Y(Z-1,A) +e" + v, (1.14)
X(Z,A)+e —Y(Z-1,A) +v. (1.15)

In 1933, the first theory of the weak interaction was proposed by E. Fermi, ac-
cording to which 8 decays were described as four-fermion contact interactions,
without the aid of a mediator. In the 1960s, S. Glashow, A. Salam and S.
Weinberg unified the electromagnetic force and the weak interaction, naming
this as the Electroweak Unification.

1.3.1 The Fermi Theory of Weak Interaction

The weak interaction was considered by Fermi as a four-fermion contact inter-
action; the lagrangian for this process is:

Gr .
L= ﬁjlﬁ(:p)J (z), (1.16)

where Gr = 1.16638 x 107°GeV 2 is the Fermi constant and J#(x) is the weak
current, which can be either leptonic or hadronic. In 1957, C.S. Wu proved
that the purely leptonic weak current has a Vectorial-Axial structure; in the
case of a transition from an electron to its corresponding neutrino:

J“(;p) = @Ee(f)’j/u(l - ’75)10”(1‘) (117)

In the previous expression, each Dirac-bispinor can be further decomposed in
right-handed and left-handed chiral bispinor.

VY =1L +Yg (1.18)

10



It is to be noted that the current in Equation is charged; this caused
great turmoil in the scientific community at the time, for the other noteworthy
example of charged current is to be found in the theory of strong interactions,
Quantum Chromodynamics (QCD), which was developed significantly later
than Fermi’s theory. According to this notion, only left-handed particles and
right-handed antiparticles take part in weak interactions, for the left chiral
projector Py, is proportional to (1—+°). This theory describes weak interactions
remarkably well. lowever, it was abandoned, for experimental data proved
that charged leptons couple with neutral currents, even though the coupling
constants are different for the different chiralities. Furthermore, the calculated
cross section is proportional to the square of the energy:

o x GpE? (1.19)

so that for energies higher than 100GeV the unitarity of the scattering matrix
is violated, therefore rendering this theory only valid for low energies.

1.3.2 The Glashow-Salam-Weinberg Model

In order to overcome the problems posed by Fermi’s theory of weak interac-
tions, S. Glashow, S. Weinberg, and A. Salam proposed a non-Abelian SU(2),
quantum field theory, where L is the left-handed chiral components of the
fields. In this model, left-handed fermions are coupled in doublets with fixed
eigenvalue of the weak isospin:

cinse (), (), o

where I is the weak isospin, I3 is the projection of I along a chosen axis,
[~ represents charged leptons and v; their corresponding neutrinos, U repre-
sents an up-type quark (u, ¢, t quarks), while D’ stands for the corresponding
down-type quarks. The weak interaction eigenstates d’, s’ and b’ are a lin-
ear combination of the strong interaction eigenstates (mass eigenstates). The
mixing matrix between mass and weak D’ eigenstates is called CKM (Cabibbo-
Kobayashi-Maskawa) matrix and acts as follows:

d d
s’ = VCKM S (121)
b b

where Vo is the CKM matrix:

‘/ud Vus Vub
Verkn = | Vea Vs Va (1.22)
Via Vie Vi

Taking the modulus squared of each element of this complex unitary matrix
one obtains the probability of transition to one quark to another. Oftentimes,
the Wolfenstein parametrization is used:

11



1-2 A AX(p—in)
Voku = )\ 2 AN2 + 0O\ (1.23)

2
AN (1 —p—in) —AN 1
Measurements for A and A\ show that the CKM matrix is quasi-diagonal:
A = 0.22650 4 0.00048 ; A = 0.79073%17 (1.24)

meaning that u, ¢ and ¢ quarks have higher probability to interact with their

corresponding down-type quarks. The procedure to obtain the Lagrangian

density for the electroweak interaction is the same as for QED: gauge principles

are applied to the free Lagrangian, using the appropriate covariant derivative:
T = Y

D,=0,+ g3 W, + ZQIEBM (1.25)

in which ¢ and ¢’ are the equivalent of the electrical charge in Equation 1.6,
and the fields WI}Q’?’ and B, ensure the local invariance of the lagrangian under
the action of the group SU(2)r x U(1)y. Since an SU(2),, transformation can
be espressed as:

SR

Y, — Py = 9%y, (1.26)
where @ is the parameter of the transformation, the gauge property for the W;
fields is:
Wi — Wi =W, —9,a" — geijkosz:f. (1.27)
The gauge properties for the group U(1) have already been discussed in Section
[1.2] and its transformation law is:

B, — B;L =B, —0,A. (1.28)
The interaction terms between the fermions and the fields are:
B Y
Low = =gy Wybr — g' 597" Byt (1.29)

The complete form of the Lagrangian is once again obtained by adding the
kinetic terms for the interaction fields. B, follows the same rule as in Equation

1.9, while the one for Vf/ﬂ is:

1 .
L =— W™ W, (1.30)

where T/T/W is:
W = 8,W, — 8,W, — gW, x W,,. (1.31)

The cross product in Equation [I.31] results in triple and quadruple gauge bo-
son vertices that represent self-interaction terms of the W boson. The GSW
model does not account for all the characteristics of the weak interaction.
For instance, its bosons are massive but when a mass term is added to the
Lagrangian, the gauge invariance is broken. Furthermore, the interaction of
right-handed charged particles via neutral weak current is not explained. These
problems are solved through the aid of the Higgs mechanism.

12
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Figure 1.2: Higgs potential for 2 < 0.

1.4 The Higgs Mechanism

The Higgs mechanism is an essential part of the Standard Model, for it repre-
sents the way in which the weak interaction gauge bosons acquire mass without
breaking the local gauge symmetry of the SM. Developed by P. Higgs, R. Brout
and F. Englert [2] [3] in 1964, this mechanism explains the mass of Z, W*,
and fermions as a result of their interaction with the Higgs boson field. Its
particle counterpart was later observed in 2012 at LHC by the ATLAS and
CMS experiments. [4] [5]. The minimal Higgs model consists of two complex
scalar fields placed in a weak isospin doublet:

¢+) 1 <¢1 + i¢2)

= = — i : 1.32
i (¢° V2 \6s + i, (1:32)
This mechanism is required to generate the masses of the electroweak gauge
bosons; therefore, one of the components of the doublet must be neutral (¢°),

while the other must be charged (¢*). The Lagrangian for the Higgs doublet
is:

L= (9,0)"(0"¢) = V(9), (1.33)
where V(¢) is the Higgs potential:
b1V (9) = 1*0"o + A(¢T¢) (1.34)

For p? < 0, this potential (shown in Figure has an infinite set of degenerate
minima that satisfy the following condition:

2 2
Ho=3@+ G+ G =-L =T (1.35)

13



After symmetry breaking, the neutral photon is required to remain massless,
and therefore the minimum of the potential must correspond to a non-zero
vacuum expectation value only of the neutral scalar field ¢°, namely:

0lol0) = = (S) (136)

The fields can be expanded around this minimum by rewriting:

_ 1 (@) +ide(x)
¢(r) = 7 <U+n<x)+i¢4(x)) (1.37)

After the spontaneous breaking of the symmetry, there will be a massive scalar
and three massless Goldstone bosons, which will give the longitudinal degrees
of freedom of the W* and Z bosons. The three massless bosons can be elim-
inated from the Lagrangian by making an appropriate gauge transformation,
called Unitary Gauge, that consists in choosing the complex scalar field ¢(x)

to be entirely real:
1 0

The Lagrangian in Equation [1.33]is required to be locally invariant under the
action of SU(2)r, x U(1)y; the resulting mass matrices are diagonalized and
the physical bosons are obtained. The terms corresponding to these bosons
and their mass terms depend on the interaction of the gauge bosons with the
Higgs field:

L= %E)uHa“HJr (1.39)
(@ =0, (T - ) W
— }1 (8, W] = 0,W7) (W™ — "W + ézﬂg?WjW%r
. }1 (0,2, — 0,2,) (02" — " 2" + éngQZuZ“—i—
- }1 (E L, F*).

The mass of the physical bosons W is:
1
mw = Sgv; (1.40)

the mass of the Z boson is:

1
my = §vx/g2 +9%= T (1.41)

cos By

in which 0y, is the Weinberg angle, that represents the rotation performed on
the W3 and B fields to obtain the real Z and 7 bosons, namely:

AL\ costy  sinbw )\ [ B,
(ZM> - <— sin Oy cos@vy) <W5’) ’ (1.42)

14



This mechanism is able to explain why the weak neutral current couples to both
left-handed and right-handed chirality: the Z boson results from a combination
of two neutral bosons, one of which (B) couples to particles independently
from their chirality. This minimal formulation of the Higgs mechanism is the
simplest, but in no way the only one. For instante, in Supersymmetry (SUSY),
a very popular extension to the SM, employs at lease two complex doublets
of scalar fields, which give rise to five physical Higgs boson. Furthermore, the
nature of the Higgs boson is still a conundrum: the answer to the question
whether it is fundamental or composite is still unknown.

1.5 Quantum Chromodynamics

In the context of the SM, strong interactions are described by Quantum Chro-
modynamics (QCD), a non-Abelian quantum gauge field theory. Its symmetry
group is SU(3)., whose generators are:

A1,..8

Tl,...,8 = 9

(1.43)

where the A\ g are the Gell-Mann matrices, whose commutation rules are:

Ae N o Ae
—, —| = — 1.44
|: 2 3 9 :| Zfabc 92 3 ( )

where f. are the structure constants of the groups and the indices run from
1 to 8. The Gell-Mann are 3 x 3 matrices, therefore the v field includes three
additional degrees of freedom: this new degree of freedom is called colour. As
per usual, the gauge principle leads to the following covariant derivative:

—

X -
Dy = 0, +igs%; - Gy (1.45)

where Cj“ are the eight fields representing the mediators of strong interaction,
called gluons. The transformation law for these fields that ensure the local
invariance of the lagrangian is:

G; — GZ = G; + igs fijnt’ (x)ij (1.46)

Going through the same passages and adding a kinetic term for the gluon field,
one obtains the full lagrangian for QCD:

—

_ ) SN 1. -
Locp = Y0, — mapp — gs¢7“§ Y — ZGWGW, (1.47)
m
where: ' . ' -
G, = 0.G, —0,G;, — gsf”kGi x G, (1.48)

The kinetic term causes self-interaction between gluons, as it was the case for
the weak interaction. The reason for the existence of charged currents is to be

15



found in their non-Abelian nature of the groups representing these interactions.
Two important features of QCD are colour confinement and asymptotic free-
dom; these properties were firstly theorized and later experimentally proved.
The former stems from the need to explain the absence of coloured hadrons in
nature; therefore, hadrons are considered colour singlets, since they are bound
states of quarks in the QCD parton model. Furthermore, only colourless, quark
bound state configurations can exist. The latter was discovered in 1973 by D.
Gross, F. Wilczek [6], and indipendenty by D. Politzer [7]. It consists in the
fact that strong interaction becomes asymptotically weaker as the transferred
momentum |g| increases. This can be explained with the fact that the coupling
constant of the strong interaction varies with the scale of the interaction, hence
earning the name of running coupling constant:

2y _ CVS(,UQ)
as(lg”) = AT ToR—or (1.49)

where N¢ = 3 is the number of colours, Ny is the number of flavours available
at transferred momentum ¢ and p is a scale parameter for the strength of the
coupling. For |g| 200M eV the value of the running constant is large enough
that perturbative approaches cannot be applied; this region call for another
formulation of the theory, called Lattice QCD.

16



Chapter 2

The CMS Experiment

The Compact Muon Solenoid (CMS) is one of the four great experiments taking
data produced by the Large Hadron Collider (LHC), located underground
near Geneva. The LHC is the latest proton-proton accelerator realized by the
European Organization for Nuclear Research (CERN), which is a supranational
organization founded in 1954. Born with the goal of providing a research centre
untainted by the unpleasant rise of nationalism still present in the aftermath of
WWII, CERN is nowadays the site of the currently biggest particle accelerators
needed for High-Energy Physics research. Several breakthrough discoveries
have been made by CERN experiments, among others the discovery of neutral
currents (Gargamelle in 1973), W and Z bosons (UA1 and UA2 experiments
in 1983) and the Higgs boson (ATLAS and CMS at LHC in 2012). In this
Chapter, an overview of the LHC and a more detailed description of the CMS
experiment are given [§].

2.1 The Large Hadron Collider

The LHC at CERN near Geneva is the world’s largest circular accelerator
to this day. Proton beams are accelerated up to a design collision energy of
14 TeV and luminosity of 103%¢m=2s71, while heavy ions (Pb) have energy of
2.8 TeV per nucleon and luminosity 10>"em=2s~!. LHC constitutes the last
stage in a series of different accelerators which have the purpose of bringing
particle beams up to a certain energy threshold before injecting them into the
next stage. The Pb atoms are obtained from a source of vaporised lead, the
protons are obtained from a hydrogen gas tank connected to a machine called
duoplasmatron; this device strips the H atoms of their electrons, producing a
plasma of protons, electrons, and molecular ions. Protons are extracted, then
a beam is formed and fed to the subsequent chain of machines:

e Linac 2, a linear accelerator that speeds them up to 50 Mev of energy;
e Proton Synchrotron Booster (PBS), which accelerates them to 1.4 GeV;

e Proton Synchrotron (PS), which brings them to 25 GeV;

17



ALICE LHCb

Figure 2.1: A simplified view of the LHC complex at CERN.

e Super Proton Synchrotron (SPS), which raises the energy to 450 GeV.

The beams are lastly fed to LHC, whose structure is shown in Figure 2.1} the
main ring has a circumference of 27 kms on which the beams are accelerated to
the maximum energy of 7 TeV via a system of superconductive radiofrequency
cavities and focusing superconductive magnets that have the task of keeping
the particles on a circular path. Particles are led to collision in four points of
intersection, where the four main experiments are located. These experiments
are: Compact Muon Solenoid (CMS), A Toroidal LHC ApparatuS (ATLAS),
A Large Ion Collider Experiment (ALICE), LHC-beauty (LHCb). One of the
most important parameters of accelerators is the Luminosity £, a quantity
related to the rate of events detected R and to the total interaction cross-
section o:

R=Lo (2.1)

The Luminosity is strictly dependent on the characteristics of the accelerator,
and for circular accelerators it is calculated as

nbNbQIVTfrev F

L= 4me,, P*

(2.2)
where ny is the number of bunches per beam, N, the number of particles per
bunch, v, the relativistic Lorentz factor, ¢, the normalised transverse beam
emittance, f* the beta function at the collision point, f,..r the revolution
frequency and F' the geometric luminosity reduction factor. Another important
quantity is the Integrated Luminosity L:

L= / o (2.3)

t1

where the extremes of integration t; and ¢, represent the time during which
the collider is functioning. This quantity L is related to the number of total
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 2.2: A view of the structure of CMS.

events
N = Lo. (2.4)

2.2 The Compact Muon Solenoid

The Compact Muon Solenoid is one of the four main experiments at LHC and
it is a general-purpose detector designed to observe a wide range of phenom-
ena within the context of the Standard Model; however, it could also observe
events of Physics Beyond Standard Model (BSM). Overall, the detector has
the structure of a cylinder, 21 metres high and with a diameter of 15 metres,
positioned horizontally so that its centre (called Barrel) surrounds the collision
point; two structures (Endcaps) orthogonal to the beam axis enclose the Bar-
rel. CMS is formed of different subdetectors adhering to precise requirements,
namely high spatial and time resolution and high radiation hardness, each to
different degrees depending on the specific function of the subdetector and
on its positioning and distance with respect to the beam axis. High spatial
resolution is needed in order to distinguish between particles that cross the
detector in close positions, while high time resolution is necessary for trigger-
ing purposes and to distinguish between subsequent collisions. Furthermore,
radiation hardness is fundamental, for the detector works with high levels of
radiation for long periods of time. As shown in Figure [2.2] the CMS detector
has different layers each with a specific purpose, namely (from inner to outer

shell):

e a tracking system:;
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LHCb

P ALICE ATLAS

Figure 2.3: The coordinate systems used in CMS;
the cartesian system is deployed for the description of the detector, while the cylindrical
coordinate system is used to describe the characteristics of the particles arising from the
p-p collision.

an electromagnetic calorimeter (ECAL);

hadron calorimeter (HCAL);
e a superconductive solenoid, from wich the experiment takes its name;
e a muon tracking system;

A right-handed cartesian system of coordinates is used to describe the collision
events, as seen in Figure[2.3} the x-axis points to the centre of LHC, the y-axis
points upwards, and the z-axis is tangential to the beam in the counterclock-
wise direction. Furthermore, a cylindrical system is employed for describing
the quantities related to the particle arising from the collision (Figure .

e the radial distance r from the z-axis;
e the azimuthal angle ® around the z-axis;
e the polar angle # around the x-axis;

An alternative variable is frequently used instead of 6, called pseudo-rapidity

oo e (2)). o5

which is a proxy variable of another important quantity named rapidity:

y=1m<E+m> (2.6)

Both y and n are invariant under a Lorentz boost along the z-axis. For parti-
cles in the ultrarelativistic limit, 1 tends to for it transforms linearly under a
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Figure 2.4: The CMS subdetector configuration.

Lorentz boost along the z-axis. This implies that the difference of the n values
of two particles is also invariant for this type of boost. Furthermore, using n
and ® it is possible to define the angular distance between two particles R:

AR = +/(An)? + (AD)2. (2.7)

Another important quantity that is invariant under this kind of boost is called
transverse momentum. In the cartesian frame of reference, the momentum is
conventionally divided into two components: p., the longitudinal momentum,
and pr, the transverse momentum, defined as:

pr =\/pi + D (2.8)

2.2.1 The subdetector system of CMS

Starting from the interaction point and going outwards, the subdetector system
of CMS consists of: the inner tracking system, the electromagnetic calorime-
ter, the hadron calorimeter, the superconducting solenoid, and lastly the iron
return yoke interspersed with muon chambers. Each layer of subdetectors has
a barrel-and-endcaps structure.

The tracking system

The inner tracking system is the closest subdetector to the interaction point;
the CMS collaboration is currently preparing for the complete refurbishment
of the CMS tracking system [9]. Like the current Tracker, the new Tracker will
also be operated in a 3.8 T magnetic field. It has a diameter of 2.5 m and a
length of 5.8 m with an acceptance in pseudorapidity |n| < 4. It is designed
to measure the trajectory of the charged particles emerging from the p-p in-
teraction and to provide a reconstruction of the secondary vertex with great
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Figure 2.5: Disposition of the detectors in one quarter of the CMS tracker in r-z view.

precision. The layout of the Tracker consists of a barrel part complemented
by two endcaps. The barrel part will have ten silicon detector layers as shown
in Figure 2.5] The six outmost layers form the Outer Tracker (OT) and the
four innermost ones the Inner Tracker (IT). In OT, the layers from eight to
ten (red) consist of the strip-strip modules and the layers from five to seven
(blue) of strip-pixel modules providing the py information in addition to the
track position. The barrel part of the Tracker is complemented at larger n by
endcap discs. The OT endcap holds five large discs: in Figure the strip-
pixel modules are marked with blue and the strip-strip modules with red. The
barrel section of the strip-pixel modules is gradually inclined in the range of
pseudo-rapidity n between 0.6 and 2.2. The Inner Tracker barrel holds layers
one to four and it consists of hybrid silicon pixel modules installed into ladder
like structures. The IT endcap holds eight small discs in the forward section
with four rings of modules each, and four large discs in the high n extension
section with five rings of modules. In Figure 2.5 green lines correspond to
modules made of two readout chips and orange lines represent larger modules
with four chips.

The electromagnetic calorimeter

The electromagnetic calorimeter is a hermetic homogeneous calorimeter made
of lead tungstate (PbWWOy) crystals, and it extends at a radial distance from
the centre of the detector between 1.25m and 1.8m. Avalanche photodiodes
(APDs) are used as photodetectors in the barrel and vacuum phototriodes in
the endcaps; APDs cannot be used in the endcaps, for that area is subject to
radiation too intense for APDs to handle. The use of high density crystals is
appropriate for operation at LHC: small density p = 8.28¢g/cm?, small radi-
ation length Xy = 0.89¢m and Moliére radius Ry, = 2.2¢m result in a fast,
compact and fine granularity calorimeter. The scintillation decay time of these
production crystals is of the same order of magnitude as the LHC bunch cross-
ing time: about 80% of the light is emitted in 25 ns. The barrel part of ECAL
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Properties of C26000
Chemical composition 70% Cu, 30% Zn

Density 8.53 g/cm?
Radiation Length 1.49 em
Interaction Length 16.42 cm

Table 2.1: Properties of C26000 Cartridge brass.

(EB) covers a pseudorapidity range of || < 1.479 while the endcaps(EE) cover
the range 1.479 < |n| < 3.0. The subdetector layout is shown in Figure

55 553 )

2

7 ' ECAL (EE)

Figure 2.6: Layout of the ECAL of CMS.

The hadron calorimeter

The main purpose of the HCAL is the measurement of the energy of hadrons
produced in the collision; it is also fundamental in the measurement of the
neutrino contribution and of the exotic particles resulting in apparent missing
transverse energy. Covering the pseudorapidity range of |n| < 1.3, the barrel
part of the detector (HB) is a sampling calorimeter made of layers of active ma-
terial, a fluorescent scintillator, and absorber, C26000 Cartridge brass, whose
properties are listed in Table 2.1}

The endcaps (HE) cover a substantial portion of the rapidity range 1.3 < |n| <
3.0, approximately 13.2% of the solid angle. The calorimeter is inserted into
the ends of a 4 T superconducting magnet on the outer side, so the absorber
must be made from a non magnetic material, with the further requirements
of high enough interaction length (for the containment of the showers), good
mechanical properties and reasonable cost; therefore C2600 brass was cho-
sen. Since in the central pseudorapidity range the combined stopping power
of HE and HB combined does not provide sufficient containment for hadron
showers, the hadron calorimeter is extended outside the solenoid with a tail
catcher called the outer calorimeter (HO). The HO utilises the solenoid coil as
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Figure 2.7: Layout of the HCAL of CMS.

an additional absorber (plus a few scintillators) equal to 1.4/sin # interaction
lengths and is used to identify late starting showers and to measure the shower
energy deposited after HB; its goal is to provide adequate sampling depth for
In| < 1.3. Furthermore, a forward section (HF) is put at a radial distance of
11.2 m from the interaction point along the z-axis. It covers the 3 < |n| < 5.2
range and it is made of quartz fibers embedded within a 165 cm long steel
absorbers and is sensitive to Cherenkov radiation (E > 190keV for electrons).
A layout of the detector is shown in Figure 2.7 The main parameter used
to describe the performance of both the calometers is the energy resolution,
whose main contributions are:

(%)2 - (%)2 + <%)2 e (2.9)

e a is a stochastic term accounting for the fluctuations in the number of
primary particles and number of photons produced by charged particles;

where:

e b is a noise term representing the electronic noise and pile-up energy;
e c is a constant term standing for calibration errors and leakage.

For CMS, these parameters, which differ between the two calometers, are re-
ported in Table [2.2]
The Superconducting Magnet

The superconducting magnet for CMS has been designed to reach a 4 T field
in a free bore of 6m diameter and 12.5m length with a stored energy of 2.6
GJ at full current. This coil surrounding the tracker and calorimeter systems
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has the purpose of bending the trajectory of charged particles in the detector
to measure their transverse momentum. An iron yoke surrounds the magnet
in order to avoid border effects and bend the field lines so that the magnetic
field outside the solenoid bore is approximately constant and equal to 1.8 T.
A simplified layout of the module and lines of the magnetic field is shown in
Figure [2.8
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Figure 2.8: A view of the module of the magnetic field (left) and its field lines(left); is it
noticeable how the field is constant inside the yoke and equal to 4 T, while it is almost
constant (1.8 T) in the plates.

The muon system

The muon system has 3 main functions: muon identification, measurement of
their momentum and triggering. Due to their mass, muons emit less decelera-
tion radiation (Bremsstrahlung) than electrons, so that they are able to pene-
trate through many layers of materials without stopping, therefore preventing
their energy measurement. CMS uses 4 types of gaseous particle detectors
for muon identification: drift tubes, cathode strip chambers, resistive plate
chambers(RPCs), and gas electron multipliers detectors (GEMs), arranged in
cylindrical symmetry over the inner solenoid magnet. Because the muon sys-
tem consists of about 25000m? of detection planes, the muon chambers had
to be inexpensive, reliable, and robust. The drift tubes (DTs) form the barrel
region of this system and cover the [0, 1.2] pseudorapidity range. This bar-
rel consists of 4 stations forming concentric cylinders around the beamline, so

Parameter ‘ ECAL ‘ HCAL

a 0.0280 | 0.8470
b 0.12 0
¢ 0.003 | 0.074

Table 2.2: Parameters for the ECAL and the HCAL, reported in GeV.
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that three of them are used for measurements in the r — ¢ plane, while the
other is used for the z-axis. The cathode strip chambers (CSCs) form the end-
caps, where the muon rate is higher. In addition to high radiation resistance,
they also have good segmentation and fast response, covering a pseudorapid-
ity range 0.9 < |n| < 2.4. The cathode strips of each chamber are used for
position measurements in the » — ¢ plane, while the anode strips grant pseudo-
rapidity measurements and the beam-crossing time for each muon. The RPCs
are placed in both the barrel and the endcaps, for they combine adequate
spatial resolution with a time resolution comparable to that of scintillators.
These qualities are perfect for triggering purposes. GEMs represent the latest
addition to the muon system in CMS. By complementing the already exist-
ing systems in the endcaps, GEM chambers provide additional redundancy
and measurement points, allowing a better muon track identification and also
wider coverage in the very forward region.

The Trigger system

The LHC provides proton-proton and heavy-ion collisions at high interaction
rates. The beam crossing interval for protons is 25 ns, corresponding to a
40 MHz crossing frequency. Multiple collisions occur at each crossing of the
bunches (20 collisions at the nominal design luminosity 103*cm=2s—1), so that
is impossible to store and process that large of an amount of data on the high
number of events; a reduction in the rate of stored events is performed by
the trigger, which is composed of Level-1 trigger (L1 trigger) and High Level
Trigger (HLT). This system reduces the rate of a factor of at least 10°. For
reasons of flexibility the L1 Trigger hardware is implemented in FPGA tech-
nology where possible, but ASICs and programmable memory lookup tables
(LUT) are also widely used where speed, density and radiation resistance re-
quirements are important. A software system, the Trigger Supervisor, controls
the configuration and operation of the trigger components. The L1 Trigger
has local, regional and global components. The local components are based
on energy deposit in the calorimeters, track segments or hit patterns in the
muon chambers; regional triggers combine the information provided by the
local ones, sort objects as electron and muon candidates and pass this infor-
mation on to the Global Muon Trigger or to the Global Calorimeter Trigger,
which are connected to the Global Trigger. The main task of the Global Trig-
ger is deciding whether rejecting an event or passing it to the HLT, which is
a software online trigger that performs a further evaluation running quality
reconstruction modules and filters to process and select events for storage.
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Chapter 3

Physics Beyond Standard Model

The SM is considered the most successful model in Particle Physics to date. It
is highly accurate in the feat of describing three out of the four fundamental
interactions (electromagnetic, weak, and strong) and it holds an unbeaten
number of experimentally verified predictions. However, albeit being one of
the most outstanding theories formulated over the course of the 20th century,
it is inherently incomplete: many observed phenomena find no explanations in
the context of the SM, for instance the existence of Dark Matter, Dark Energy,
and the matter-antimatter asymmetry. Furthermore, as a theory, it has some
unsatisfactory aspects, for example it does not explain the fine tuning of the
mass of the Higgs boson nor the hierarchy of fermion masses, and why the
gravitational interaction has such a smaller characteristic scale with respect to
the other fundamental interactions. Numerous models have been crafted in an
attempt to provide a solution to these problems; these theories are labelled as
theories Beyond Standard Model(BSM). Almost all of these theories predict
the existence of new spin-1 gauge bosons W' and Z’, with the same quantum
numbers of the SM bosons for weak interactions, W and Z. However, they
could differ in terms of the coupling strength and chirality: depending on the
model, they could couple either left or right-handedly or could favour couplings
with a particular generation. This last instance could potentially give some
insight on the anomalies regarding lepton universality raised by the BaBar,
Belle, and LHCb experiments [10]. In this chapter, a brief description of some
of these models is presented. The Lagrangian for the interaction of these
bosons with other SM particles is then described; finally, the current state of
search for the W' gauge boson is reported.

3.1 Unsolved Problems of the Standard Model

In order to understand the need for new theories beyond the scope of the SM,
it is important to acknowledge its limitations, which could be classified into
shortcomings and formal problems.

e Gravity: the SM does not account for gravitational interactions. Gen-
eral Relativity is widely believed to be incompatible with the SM, for
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there seems to be no explanation of the great difference between the
Planck and the SM interaction scales. Moreover, theories based on the
addition of graviton (namely, a gravity quantum) do not predict what is
experimentally observed withouth further modification to the SM frame-
work.

e Dark Matter: in 1975, V.Rubin discovered that most stars in spiral
galaxies orbit at approximately the same speed, meaning that the ro-
tation curve of these galaxies remains flat instead of decreasing as the
distance from the centre increases. This implies that galaxy masses grow
approximately linearly with radius. This is, among others, one of the
most compelling evidence of the existence of another form of matter,
called Dark Matter (from the German dunkle Materie), not described by
particles included in the SM.

e Dark Energy: from cosmological observations, namely red shift mea-
surements, it is known that the Universe is accelerated. Since only 5% of
the Universe is composed of ordinary matter (also called Baryonic mat-
ter) and Dark Matter amounts approximately its 23%, the rest is believed
to be consisted of a form of energy. The latter is called Dark Energy,
which is hypothesised to permeate all of space, tending to accelerate the
expansion of the universe. This phenomenon has no explanation in the
SM framework.

e Matter-antimatter asymmetry: SM predicts that matter and anti-
matter should have been created in equal amounts. However, there is
a great imbalance in favour of matter over antimatter, and the sole SM
C P-violation in the quark sector is not enough to justify the measured
imbalance.

¢ Existence of neutrino masses: according to the predictions of the SM,
neutrinos should be massless. However, neutrino oscillation observed by
the Super-Kamiokande Observatory and the Sudbury Neutrino Observa-
tories prove that neutrinos do, in fact, possess mass.

e Flavour Changing Neutral Current: the suppression of flavour chang-
ing neutral currents is not predicted by the SM. These processes are not
present at tree level, and the unitarity of the CKM matrix creates sup-
pression in loop processes. Theories regarded as extensions of the SM
generate new flavour changing neutral current processes, leading to sig-
nals which, if observed, would be unambiguous evidence of new interac-
tions.

Moreover, there are intrinsic theoretical problems in the SM:

e Number of Adjustable Parameters: SM depends on 18 numerical
parameters: 6 quark masses, 3 lepton masses (since neutrino masses are
zero in the SM), 1 Higgs mass, 4 mixing angles from the CKM matrix,
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one mixing angle for QCD and 3 coupling constant. Their values are
known from experiment, but the origin of the values is unknown.

e Hierarchy Problems: particle masses are introduced through spon-
taneous symmetry breaking, as already said in Section [1.4 The tree
level Higgs mass receives corrections from fermion loop diagrams which
are quadratically-divergent and that are not cancelled by the boson loop
diagrams. Within the present framework, the Higgs mass should be of
several orders of magnitude greater than the observed one.

3.2 Models predicting W’ and 7’

The presence of new W' and Z’ bosons are predicted by almost all BSM theo-
ries. They have properties similar to the W and Z bosons: they have integer
spin values equal to 1, they are electrically charged and neutral respectively
and they mediate the charged and neutral current processes. One of the main
differences between these new resonances and their SM counterpart is that, in
most models, the former have significantly larger masses. It is to be noted that
models for which the masses of these new particles are very small exist, but
they will not be discussed in this overview. These heavy resonances could be
detected via Drell-Yan processes, that have a quite clean di-lepton or lepton-
neutrino final state. These bosons also have a significant coupling with quarks,
but hadronic final states are usually more difficult to identify. The study of
final states including a top quark is of particular interest owing to the special
properties of the top quark. Some of these models that include the W/ and 2’
bosons are described below.

Extra dimensions

In 1920, T. Kaluza and O. Klein [I1] proposed the introduction of a fifth di-
mension to the four dimensional space-time. If proven true, this theory would
eventually allow for the unification of the electromagnetic and gravitational
interactions. The first formulation was given by Kaluza as a simple, purely
classical extension of General Relativity in 5 dimensions: 10 out of the 15 com-
ponents of the metric tensor are associated to the 4 dimensional space-time, 4
are interpreted as the electromagnetic vector potential and 1 component with
a scalar field usually referred to as Radion of Dilation. Kalusa’s hypothesis
was that none of the components of the metric depended on the fifth addi-
tional dimension; this is called the Cylinder Condition. Subsequently, Klein
contributed to this model, providing the classical formulation by Kaluza with
a normalized 5D metric and giving it a proper quantum interpretation. Ac-
cording to this vision, the additional dimension is microscopic (with a radius
of 1073%m) and curled. The addition of two extra dimensions proposed by
Arkani-Hamed, Dimopoulos and Dvali (ADD), the weakness of gravitational
interactions could be easily explained. The idea that gravity could only propa-
gate through these additional dimension opened new possibilities in the context
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of warped geometry-based models, with effects that could be detected through
the current state of experimentation. Physics BSM due to extra dimensions
could potentially be detected as a deviation from the SM in experiments like
ATLAS and CMS at CERN, for instance by finding evidence of new particles
like W', Z', gravitons, or radions. No deviation has been found to date.

Alterative Higgs Models

Many models predicting the W’ and Z’ bosons are based on the addition of new
fields and interactions to the SM. One interesting subcategory of these theo-
ries involves the Higgs boson, the last discovered particle of the SM. While its
discovery was another fundamental prove of the validity of the SM at scale of
electroweak interactions, on the other hand it presents some problems, such as
Naturalness, the idea that contributions to its mass should have contributions
up to the Planck scale (1.22 x 10"GeV). However, the way that these contri-
butions are cancelled out is totally unknown. The models providing a solution
for Naturalness are essentially divided in two categories; the first one includes
theories based on Supersymmetry, the idea that every particle has a supersym-
metric counterpart that could bring contributions able to balance the Higgs
mass. The second category is based on the possibility that the Higgs boson
may not be elementary, thus some degrees of freedom could be excluded from
the mass contribution, therefore explaining why its mass is relatively small.
The Little Higgs Models are based on the idea that the Higgs doublet is a
Goldstone boson that arises from global symmetry breaking at the TeV scale.
The gauge group is obtained from the direct product of many copies of the
same group, each one living in additional spacial dimensions[12] [13].

Topflavour Model

There is a rather broad variety of models based on the idea of extending
the SM using larger gauge groups; one of these theories is the Topflavour
model, an extension of the electroweak theory [14] [I5]. The symmetry group
is SU(2); x SU(2)y x U(1)y: the first and second generations of fermions
only couple to SU(2), the third one couples to SU(2),. The fermions of the
first two generations have the following representation under the three groups
composing the gauge group:

1 4 2
(U,D), — <2,1,§) , Up — <1,1,§) , Dp — (1,1,§) (3.1)

), — (2,1,1), Ip — (1,1,-2). (3.2)

where (U, D) = (u,d), (¢,s) and | = e, u, 7. The fermions of the third gener-
ations have the following representation:

1 4 2
(t,b); — (1,2,5) , tp — <1,1,§) , bp — (1,1,5) (3.3)
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The appropriate form of the covariant derivative is:
/ 2 .
D,=0,— z’%YBu — i TW, — ig, TW, (3.4)

in which g; and g, are the coupling constants, Wu and Wu are the interac-
tion fields for the SU(2); and the SU(2), groups respectively. After having
obtained the SM SU(2); x U(1)y group from the standard Higgs mechanism,
the symmetry breaking proceeds as follows. A Higgs field @ is introduced; it
transforms as a doublet under SU(2); and SU(2), and has a vacuum expec-

tation value (vev):
L fu 0O

Subsequently, a doublet Higgs field with vev= v is introduced. The mass
matrix obtained for the neutral sector of the theory (the basis order is W, W, B)
is:

giv*  —gigou® 0
3 —g192u®  ga(v? +u?) —g'gov? (3.6)
0 _g/g2v2 g/2,U2
Using an appropriate orthogonal matrix R, the previous matrix is diagonalized:
A Wiy
Z1| =R | W3 (3.7)
Z B
with A, Z;, Z;, being the mass eigenstates. The coupling constants are:
e e , e
= T E——— = " ; 5 = 9 38
9 cos ¢ sin 6, 92 sin ¢ sin 6, g cos 0, (3:8)

in which 6,, is the standard weak mixing angle and ¢ is an additional mixing
angle. The eigenstate A is identifiable as the photon for it has zero mass. Z;
and Zj, masses are obtained by solving the following equation:

1 1
Mz = Su*(91 + 3 + g€ + g ) M + Ju'e(gig” + gig; + g39”) = 0 (3.9)

where € = v?/u? Z; has lower mass and it is the eigenstate that represents the
Z boson. The charged sector has mass matrix (basis order is W, W):

L giv*  —gigou?
i 3.10
2 (—9192U2 92(02 + u2) ( )

Following the same procedure used for the neutral sector, performing diago-
nalization via an orthogonal matrix R’:

(VMV/;L) =R (%) (3.11)

and subsequently solving the following equation:
1 1
My, — §u2[gf + g5 (1 + €)M}, + Zu‘*g%g%e = 0. (3.12)

W, is identified as the SM W boson, while W}, is an example of W'.
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Figure 3.1: Differential cross section for the pp — W/W' — tb process [16]; this graphic
is obtained considering the invariant mass of the tb couple for a simulated My of
800GeV. The image shows three cases; the SM only (black continuous line), the SM +
right interacting W’ (dotted blue line) and the SM + left interacting W’ (dotted red line).

3.3 The interaction Lagrangian

The effective Lagrangian describing the interaction of W’ with fermions is, in
its most general form:

W/
L= 7; 4i(Cyl Pr+ Cy PL)v"q; + v(Cff Pr + Ci PL)v!) (3.13)
where i and j are the generation indices, ¢, ¢/, | and v are SM fermions in
mass eigenstates. For W, the coefficients are ng = sz, =0, C’,i’_j = guVorMm
and lej = @¢w. The simplest SM extension which predicts the W’ boson is
SU(2)1 x SU(2)2 x U(1)y, the group already described in Section [3.2] This
group includes a mixing between W and W' in case the latter couples with left-
handed currents. Figure [3.1] shows the trend of the differential cross section
for the pp — W/W' — tb in the case of a simulated W’ mass of 800 GeV s.
It is to be noted that the case of SM and W’ with left-handed couplings, there
is a local minimum due to the interference between the two bosons [16].
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3.4 Decay channels of the W’ Boson

As for its SM equivalent, W’ counts many decay channels. The total decay
width is [17]:

Tyt (W) =T (W —> tg) + T (W — ¢7) + T (W' — Ip) (3.14)

where the partial width containing the top quark is given separately, for this
decay channel is of interest in this thesis work. The leading order partial
widths are

2 92
Luo (W' — 10) = T2V Py, + w2/, (319
e
IroW' —qq) = m—WW(;@/’QmWU (3.16)
2
_ g o My
r f— ) = S Vi 1

where 8 = 1 — m?/m%, and it is assumed that the coupling constant g =
Sm%,VGF/\/?, as it is for the SM. Hence, the partial widths of the W’ boson
have the same form as the SM W boson, so that new couplings and GCKM
matrix elements absorbed into the Vf’i 5 matrix elements. From Equation ,
it is evident that W’ bosons tend to have a large branching fraction into top
quarks; this has repercussions on the size of the single-top-quark production
cross section at hadron colliders. This process happens through three channels,
as shown in Figure [3.2] Cross sections for the t-channel production and the

q t b t 8 "oy t
W !
— -
g b 4q q b w'
(a) (b) (©)
Figure 3.2: Feynman diagrams for single top production including a W’ boson; (a) is the

s-channel production, (b) the t-channel production and (c¢) the W’ — ¢ associated
production.

associated W' production are negligible at the LHC energy scale [17]. W’ could

also decay into W — Z and W — H pairs. Figure [3.3] displays the upper limits
at 95% CL in many two-boson decay channels [18].
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Figure 3.3: Observed and expected 95% CL upper limits on the W’ cross section as a
function of the W’. The inner green and outer yellow bands represent the +1 and 42
standard deviation variations on the expected limits of the statistical combination of the
VV and VH channels considered (in which V represents either W or Z). The expected
limits in individual channels are represented by the colored dashed lines [I§].

3.5 Search for W’

The search for these bosons has been conducted both and at Fermilab’s Teva-
tron and at LHC. Among the many processes involving the W’ bosons, its decay
into a top quark and a bottom quark is of particular interest: the bottom quark
results in jet formation, while the top quark can decay either hadronically or
leptonically, namely

t— bW —bqgq (3.18)
t— bW —blty (3.19)

The branching ratios for these processes are reported in Table 3.1 In 2017,
the CMS collaboration published a search for the leptonic decay of the top
quark in the e-channel and the p-channel [19]; the data used in this analysis
were collected at /s = 13 T'eV whith an Integrated Luminosity L = 35.9fb1;
Figure |3.4] shows that the expected events are comparable with background
predictions, meaning that the search for higher mass points would be limited
by the presence of background in the signal region that is not rejected by
standard cuts.

Furthermore, the production of right-handed W’ bosons is excluded at 95%
CL for masses up to 3.6 TeV; Figure displays two different theoretical pro-
duction cross sections, seen as function of the potential sterile neutrino mass
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Top Decay Process BR
t—bqdq 5(66.5 + 1.4)%
t—betr, (11.10 £ 0.30)%
t—buty, (11.40 £ 0.20)%
t— b1y, (11.1 +£0.9)%

Table 3.1: Branching ratios for both hadronic and leptonic top quark decays.

35.94" (13 TeV)
_E SAAJ RS LARAY RARRS RAALE LALAY LALRS RAALELARAS LALL) _E
=" oMms 4 Data =
o [ Wi« I T 4 WY a
8 10F [t singlet &
w evmis 25 background uncertainty w
oy TweB N = wnas W'y 2l 3000 GeW 1
L Wy at 2500 GeV
1'3}[ -+~ Wz at 3000 GeV 1
i0

0
ML, (GeV)
35914 (13 TeV)

wf cMs

eHEls

3 =
TRe BN <2

T I I T I L]
=4 Data
Wb = Ty IT + VW
[t + simglet
55 background wnoertainty
=es= Wy at 2000 GeV
- Wz at 2500 GeV
oo Wy at 3000 GeV

Figure 3.4: Reconstructed invariance mass of the b-jet and the top quark with 1 (upper
row) or 2 (lower row) b-tagged jets for the e-channel (left) and u-channel (right) after
selection. Distributions for W}, boson with masses of 2, 2.5 and 3 TeV are shown.

My, If there is a right-handed neutrino vz and My > m,,, the BR for the
W' — tb would have to decrease in order to account for the ulterior channel
W' — vgl. A similar search was carried out by the ATLAS experiment [20],
with an integrated luminosity of 36.1fb~!, and similar results were obtained,
excluding at 95% CL the existence of W}, for masses up to 3.15 Tev, as shown
in Figure 3.6 Another search performed at CMS considered all-hadronic final
states and exploited a Machine Learning algorithm to recognize the hadronic
jets which originated from a top quark. An integrated luminosity of 137 fb~!
collected at /s = 13TeV was used for this analysis, which excluded the ex-
istence of both right-handed and left-handed W’ with mass below 3.4TeV at
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95% confidence level, as shown in Figure [21].
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Figure 3.6: Upper limit at 95% CL on the W}, boson production cross section times
W, — bb branching fraction as a function of resonance mass. The solid curve corresponds
to the observed limit, while the dashed curve and shaded bands correspond to the limit
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(bottom). The two cross sections differ because a left-handed W’ boson would undergo
interference with the SM W boson.
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Chapter 4

Object Selection and
Reconstruction

The aim of this work is the search for the W’ boson via the analysis of the
W' — t b channel. which is of utmost importance in the context of the models
described in Chapter [3| that foresee enhanced couplings to third generation
quarks. In such cases, i.e. Topflavour described in Section[3.2] the decay width
for the I'(W’ — tb) process can be fairly large, which has also consequences on
the experimental side. The top quark decays into a b quark and a W boson,
further cascading to a lepton-neutrino pair; Figure shows the W' —
tb process with the top quark decaying into a muon. As already stated in
Chapter [3| the main production channel for the W’ boson is the s-channel,
for the cross sections for the t-channel production are negligible at the LHC
energy scale [I7]. The leptonic decay channel considered in this work has
a relatively small background from QCD multijet processes, so that, despite
having a lower branching fraction in comparison to its hadronic counterpart
(as seen in Chapter |3} Table it is relatively easier to analyze. Since the W’
boson is expected to have a large mass for the models considered, the Lorentz
boost for the top quark decay products will be high in the laboratory frame
of reference; therefore, the final state products will tend to collimate along the
direction of the top quark momentum.

4.1 Physics Object Selection

In order to identify the W’ boson, b quark hadronization products, muons or
electrons, and neutrinos must be selected amidst all the final products of a
collision event in the CMS detector. After passing through the subdetector
system described in Chapter [2| these particles are parsed by the Particle Flow
(PF) algorithm [22]; its main goal is the identification and reconstruction of
each individual particle arising from the LHC p—p collision. The PF algorithm
operates by combining the basic information derived from all the layers of the
CMS detector (namely, tracks and clusters) to obtain each final state product.
The reconstruction of the physics objects follows a precise order:
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Figure 4.1: Feynman diagram for the W/ — tb process, with the final state of the top
quark decay consisting of a jet-lepton-neutrino triplet.

1. muons, in this case muons are the first particles to be identified: tracks
in the inner tracker and in muon detectors are combined with the energy
releases in the calorimeter;

2. electrons and single photons are then reconstructed at the same time by
combining the energy in the ECAL and the tracks in the inner tracking
system. If clusters in the ECAL are matched to charged particle tracks,
they are identified as electrons. If not, they are identified as isolated
photons;

3. hadrons and non-isolated photons are the last objects reconstructed by
the algorithm, that combines information incoming from both the ECAL
and HCAL. Neutral hadrons or non-isolated photons result in clusters
that do not correspond to any tracks, otherwise they are considered
charged hadrons;

4. missing transverse energy and hadronic jets are high-level objects, ob-
tainable only by the combination of all the previously acquired informa-
tion on the already reconstructed objects.

Tracks and clusters are later taken out from further processing, for they consist
of low-level information, as most of the analyses make use of the PF objects
rather than their low-level components. In the case of the analysis in question,
T particles are not considered, for they mainly decay hadronically, although
their leptonic final states are note vetoed in the following study.

4.1.1 Leptons
Muons

The high level muon physics objects are obtained by performing a thorough
combination of information arising from different parts of the detector. For
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instance, the outer muon spectrometer allows muons to be identified with high
efficiency over the full detector acceptance. This is mainly due to the fact that
the calorimeters absorb most of the particles (with the exception of said muons
and neutrinos), granting high purity by way of energy deposits. Furthermore,
the inner tracker provides a precise measurement of the momentum of these
muons. The final collection consists of three different muon types:

e Standalone Muons: obtained by only fitting the hits in the muon
detector, they have a minimum transverse momentum of approximately
3 GeV, in order to be able to cross one half of the entire detector;

e Global Muons: are the result of the matching of Standalone muons
with tracks in the inner tracker

e Tracker Muons: tracks with pr > 0.5 GeV and a total momentum
larger than 2.5 GeV are propagated to the muon system; if there is a
match with the hits of the muon system, the track qualifies as a tracker
muon.

Global muons have the highest reconstruction efficiency if they have a mo-
mentum higher than 10 GeV, that corresponds to the case in which they have
hits in at least two muon stations. For lower values of momentum, muons
suffer from multiple scattering in the iron of the return yoke, so their efficiency
is worsened. Standalone muons could be affected by contamination from the
cosmic rays muon component, able to reach the detector. Therefore, tracker
muons turn out to be the ones with the higher efficiency [23]. Since lower pr
leptons are unlikely to be generated from a top quark, only muons with p, > 10
are considered in the subsequent analysis.

Electrons

The conventional seeding method for electrons exploits tracker and ECAL
measurements. Energetic clusters within the ECAL with an Er > 4 GeV
are taken into consideration; their energies and positions are used to infer the
position of the hits in the inner tracker. This method is called ECAL-based
approach. Most of the electrons passing through the tracker emit a significant
fraction of their energy in the form of Bremsstrahlung photons that convert
in electron-positron pairs. Therefore, the performance of the seeding method
relies on the ability to gather and evaluate this radiated energy; ECAL clusters
with a small window in 7 and an extended window in ¢ are grouped into
Superclusters, which are used to collect the energy of electrons and possible
bremsstrahlung photons. The ECAL-based approach fails for electrons in jet
and electrons with small pr[24]. As for the case of muons, only electrons with
p; > 10 are considered in the subsequent analysis.

Lepton Isolation

In order to make a proper event selection, the top quark must be reconstructed
from prompt leptons: a prompt lepton comes from the parton-parton elemen-
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tary interaction vertex, therefore they have a generally lower impact param-
eters with regards to their counterpart, non-prompt leptons. The latter are
generated in two ways: either through the decay of the jets, or a as a result of
mis-identification. In the first case, tracks and hits left by non-prompt leptons
are correlated to those hits coming from jets or b-tagged activity, therefore
they are singled out as non-prompt and thusly excluded. In the case of mis-
identification, due to a particular jet signature or a fault in a part of the
detector, a jet is reconstructed as a lepton. This fake leptons will also be
considered as non-prompt. In order to select prompt leptons, both electrons
and muons, and to reject the leptons produced in jets through the decay of
flavoured hadrons or of charged pions and kaons, a quantity called isolation
has been defined. Due to the high number of interaction per bunch crossing
and the high boost of the final state particles, the leptons can be misidenti-
fied as jet or viceversa. To prevent this from happening, the lepton track is
required to be isolated in a fixed size cone around the lepton. This isolation is
quantified by estimating the pr of the particles emitted around the direction
of a lepton, and is is defined as:

1 + 0
. (ng LY +ng) | (W)
pr i o o

in which the sums run over the charged hadrons (h*), photons (), and neutral
hadrons (h*) with an angular distance AR (see definition in Chapter [2] Sec-
tion to the lepton smaller than either 0.3 or 0.4 in the (7, ¢) plane. In the
subsequent analysis, Mini-Isolation is used, for it allows to recover efficiency
when leptons are produced in the decay chain of boosted objects. When the
boost is large, standard isolation cuts fail, because the lepton overlaps with
the jet produced in the same decay chain. Therefore, Minilso helps evaluating
whether or not a lepton in proximity of a hadronic jet is the direct byproduct
of said jet. This cone has a variable radius R(7, ¢), which varies between 0.2
and 0.05, for R oc 1/p.

4.1.2 Jets

Because of the colour confinement, quarks and gluons are not observed as free
particles. As they travel through the detector, moving away from the point
of interaction, they hadronize, meaning that they create jets of colour-neutral
hadrons. By analyzing these jets, it is possible to extract information on
the partons that generated them. The anti-kr clustering algorithms [25] are
used to reconstruct jets with a radius parameter of 0.4 ; for this very reason
the reconstructed jets are called AK4 jets. This algorithm, that provides an
infrared-safe and collinear-safe clustering for jets, introduces a distance d;;
between the PF candidates (pseudojets) i and j, and another distance d;p
between the entity ¢ and the beam B. Their definition is:
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dij = min (k:t_z?? k:t_]2) %7 diB = k’gQ, (42)
in which i is the i-th entity, A}, = (i — y;)* + (¢:¢;)*, ki is its transverse
momentum, y; is its rapidity and ¢; its azimuth. The parameter R symbolizes
a radius-like quantity used to module the size of the jet; for the purpose of
this study, its value was set as R = 0.4. The clustering proceeds by finding
the smallest distance for each identity i, against all others: if the minimum
a d;; for some j, entities ¢ and j are recombined; if it is d;p, then entity i is
identified as a jet and removed from the list of the entities. The distances
are then recalculated and the procedure repeated until no entities are left.
The entities considered for jet clustering are all the Particle Flow candidates,
including muons and electrons, thus their reconstruction inside a jet can be
performed. Only jets with p, > 30GeV were considered in the subsequent
analysis.

B-jets and b-tagging

In order to reconstruct the W’ boson, the identification of hadronic jets origi-
nated from b-quarks, called b-jets, is fundamental in the context of this anal-
ysis. This operation is called b-tagging, for which several algorithms were
developed and provided by CMS, the latest being the DeepCSV and the Deep-
Flavour [26] [27]. They are based on Deep Neural Networks, Machine Learning
algorithms inspired by biological neural networks. These models assign to a
jet its probability of being a b-jet. The DeepCSV inherits the inner workings
of another algorithm called Combined Secondary Vertex (CSV), which uses
the information on secondary vertices, which are the decay vertices of parti-
cles arising from the p-p collision, in addition to particle lifetime information.
DeepCSV extends the prevous versions of CSV, by extending the range of the
maximum considered tracks per jets. The DeepFlavour employs all the fea-
tures used by DeepCSV and adds additional variables regarding charged and
neutral particles in the jet. They are important in the process of identification,
for they provide insight on the origin of the hadronic jets. For both algorithms
multiple working points are defined at fixed background rejection and studied
by the CMS working group:

e Loose: for which the mistagging rate is approximately 10%;
e Medium: for which the mistagging rate is approximately 1%;
e Tight: for which the mistagging rate is approximately 0.1%;

A jet is tagged if the discriminator value is above some threshold value, often
referred to as the cut value. The efficiency is obtained by dividing the number
of jets which pass the cut selection by the total number of jets of the same
flavour. The tagging efficiency is defined by selecting dependends on the values
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of pr. Figures and show that the tagging efficiency of the DeepCSV
and the DeepFlavour are similar, while the mis-tagging is better for the Deep-
Flavour, as show by simply comparing Figures[£.2d and[4.2d] Furthermore, the
medium working point seems to be the best in terms of efficiency/mis-tagging
balance, therefore, it will be the one used in the subsequent analysis
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4.1.3 Missing Transverse Energy

The component in the (x-y) plane of the momentum of the particle beams
at LHC is called the transverse component; momentum conservation in the
transverse plane allows for measurement of the transverse momentum of all
the undetected particles. Missing Transverse Energy (MET) is the energy
corresponding to this momentum. The definition of said missing momentum

(also called raw MET) is:
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where the sum is performed on all PF candidates. In this type of analysis, it
is customary to use MET to generically refer to the missing transverse mo-
mentum. The MET actually used in analysis at CMS is further corrected and
reweighted, in order to account for non-compensating calorimeters, detector
misalignments, and energy corrections to reconstructed physics objects, whose
the largest contribution comes from jets. In the context of this work, MET is
used to gain knowledge on muonic and electronic neutrinos in the final state
of the top quark decay, as seen in Figure [4.1]

4.2 Top Quark Reconstruction

Lepton, neutrino, and b-jet are used for the reconstruction of the top quark.
The first step of this process is the calculation of the 4-momentum of the top
quark by performing the sum of the 4-momenta of the aforementioned ob-
jects; this operation is quite complex, for MET is considered as the transverse
momentum of neutrinos since there is no way of measuring the z-component
of their momentum. The decay width of the W is considered negligible with
respect to the experimental resolutions involved with the top quark reconstruc-
tion; by imposing /s, v) = myy, the following equation is obtained:

Apo, 1 ] -2
Pu- = —2lE 4 —_1\[2A% - B2, (4.4)
pu,t p/.t,t

m R -
A= TW Zl:p%t . pt’ (45)

in which pj, and E, are respectively the momentum and the energy of the lep-

ton, p; and f ., are the missing transverse momentum and energy. The squared
root in Equation usually has a positive argument and the solution with the
smaller absolute value is chosen. In case it is not positive, the imaginary com-
ponent is eliminated by imposing that the square root is equal to zero; the
obtained quadratic relation between p,, and p,, has two solutions and one
degree of freedom. The solution with the minimum vectorial distance between
the two momenta is chosen. Once the neutrino momentum is obtained, top
reconstruction can proceed; a top candidate 4-momentum is the result of the
sum of a jet, a lepton and its corresponding neutrino. In order to identify the
correct top reconstruction, Machine Learning techniques were used.

4.2.1 Top Categories

Top candidates are reconstructed by selecting the appropriate final state ob-
jects, as shown in Figure [4.3] However, Figure [4.4] shows that some objects
originated from the previous steps in the decay chain could be incorrectly iden-
tified as top quarks, creating a significant source of background for the real
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Figure 4.3: Diagram depicting the complete chain of decay from W’ — tb to t — blwv.
The objects circled in blue are those used for the top quark reconstruction.

Figure 4.4: The objects circled in red are source of background to the real top candidates.

top quark category. In order to single out only the real tops, it is important to
identify the correct objects. Top candidates were divided into two categories
based on the angular distance AR between the lepton and the jet, shown in

Figure [£.5}
e Merged: AR(j,1) < 0.4;
e Resolved: 0.4 < AR(j,1) < 2;

Y

Signal candidate triplets are constructed by selecting a reconstructed lepton
within AR < 0.4 from the true lepton, identified via Monte Carlo (MC) truth
information. The reconstructed b-jet for the signal category is thusly identified
thanks to the pdgld, a particle numbering scheme by the Particle Data Group
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Figure 4.5: Visualization of the merged and resolved top categories. (a) represents the
"Resolved" kind, in which the lepton and the b-jet are separate and with an angular
distance 0.4 < AR(j,1) < 2; (b) is the "Merged" category, in which, as the name suggests,
the b-jet includes the lepton in a cone with a AR(4,1) < 0.4 cone opening.

used in all modern MC event generators. This scheme assigns a unique code
to each type of particle [I]. As seen in Figure , objects circled in red have
a non negligible chance to return large values of top quark mass, given that
signal 4-momenta are usually larger than the top quark mass itself due to
fluctuations in the energy of the jets or objects involved. The reconstruction
was performed on MC simulated signal events, in particular three data files of
simulated W’ production at LHC. The mass of the right-handed W’ boson is
respectively 4000, 5000 an 6000 GeV in the three files, with a decay width of
1% of the masses. Figures and show the distributions of the masses of
the top quarks reconstructed with both electrons and muons in the merged and
resolved configurations. While the peak for the resolved category is centered
around the expected mass value for the top quark (namely 170 GeV), the
merged category for both muonic and electronic tops is lower. There are many
factors that possibly contribute to this phenomenon, one of them being the
uncertainty on the momentum for boosted particles: i.e., when a lepton is
produced within a jet, its identification is made difficult by the fact that it
tends to pass through the detector. As already seen in Section [£.1.2] b-tagging
also reveals failings at higher values of pr, so that some b-jets used in the
reconstruction could have been misidentified. In summary, energy releases
from the leptons are not always correctly identified and singled out from the
ones arising from jets, resulting into object mis-identification and subsequent
lowering of the most probable mass value for the top quark.
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Figure 4.6: Plots depicting the mass distribution of the top quarks reconstructed with the
missing transverse energy with a muon in the final state. (a) is the case of the resolved
configuration, while (b) is the shape obtained for the merged category.

TcapbIV Mass for the el_resolved category Topblv Mass for the el_merged category

14000 24000

22000
20000
18000
16000
14000
12000
10000
8000
6000,
400
2000

12000

10000

8000

6000

400

=1

=]

2000]

=)

P ) T T v R B SRR sl P i e e b L L
100 200 300 400 500 600 700 3?0 100 200 300 400 500 600 700 WO
Mrep,, G Mirgp, 1GE

(a) (b)

Figure 4.7: Plots depicting the mass distribution of the top quarks reconstructed with the
missing transverse energy with an electron in the final state. (a) is the case of the resolved
configuration, while (b) is the shape obtained for the merged category.

4.3 The Top Standalone category

Another top quark category was taken into consideration, in which the lepton
is not reconstructed or it is wrongly identified as a jet or jet fraction. Fur-
thermore, the expected branching ratio for the W — tb is approximately be
10.8% per lepton, while the observed efficiency in simulation of signal events
was lower by a factor approximately equal to 58%, and it was observed that the
number of top quarks reconstructed with electrons in the final state was lower
that the one expected from theory. Such inefficiency cannot be explained with
the pre-selection applied to electrons (pr > 10 GeV), as if that were the case, it
should have also been present for muons. Therefore, an inefficiency in the elec-
tron identification and subsequent reconstruction is present. In order to try to
recreate these missing top quarks from the information readily available from
data, a new top category was created. This new brand of top quark was called
StandAlone(SA), because they are reconstructed with those jets (namely Stan-
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dalone Jets) for which there is no reconstructed prompt lepton, even though
the MC simulation states a prompt lepton was generated at matrix element
level. In such cases, the prompt lepton is still within the AR < 0.4 cone but
it is not actually reconstructed, leading to its energy deposits or track mixing
with the ones of the jet components. The equivalent of the electron for the
Standalone category was obtained by considering the charged electromagnetic
energy fraction arising from the ECAL. Each component of the Standalone
jet 4-momentum was multiplied by said fraction, which is interpreted as the
electron energy coming from the prompt electron. Therefore, the new electron
has a momentum:

Pael = Echarged P4 jet; (46)
while the equivalent of the b-jet has:

DPap—jet = (1 - Echarged)p4,jet- (47)

The same procedure was repeated in the case of muons, using the muon energy
fraction, although in these cases the chance of not reconstructing a muon
because its track overlaps with one from the jets is slim, as they have a much
cleaner signature that includes tracks in the muon system.

Figure 4.8: Visualization of the Top StandAlone category. Even though the AR cone
opening is the same as its standard counterparts, the lepton is not reconstructed or it is
considered as a jet/jet fraction.

Figure [4.9 shows the obtained masses for the TopSA category. Even in
this case, a shift to the left in the distribution of mass values is present. This
happens because the reconstruction algorithm has been thought for the re-
solved top quarks category, and it has not been optimized for the StandAlone
(SA) category. Furthermore, the peak at low values of mass is caused by mis-
identification: standard jets have a very small mass, therefore, by identifying
some of them as SA jets, they create a peak at low values of mass. However,
for the purpose of the subsequent analysis, this level of reconstruction is sat-
isfactory: the main focus is the reconstruction of this top category and the
comparison of its performance with regards to the standard analysis.
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Figure 4.9: Plots depicting the mass distribution of the TopSA quark category
reconstructed with the energy fractions in the calorimeter system. (a) is the case of the
TopSA reconstructed with the charged electromagnetic fraction, while (b) is the shape

obtained for the muonic energy fraction. The shift to the left of the distribution is due to
identification problems.

4.4 Machine Learning Algorithms

Machine Learning (ML) is a branch of Artificial Intelligence; its main goal is the
development of algorithms able to make predictions based on the knowledge
derived from data. Developed during the course of the 20th century, ML
algorithms allow the handling of huge quantities of information in a relatively
simple way while at the same time finding relations between data. There are
three main types of ML: supervised (SL), unsupervised (UL) and reinforcement
learning (RL). Supervised Learning is the ML task of learning a function that
maps a labelled input to an output based on example input-output pairs in
which the labelling is already known. A SL process with discrete class labels is
called classification, while, if the outcome is continuous, it is called regression.
If the output is unkonwn, Unsupervised ML algorithms are used. This category
of models study and generate functions in order to describe patterns found in
data. However, this class of the algorithms has no way of determining whether
or not these patterns make sense. This is something that requires human
intervention in retrospect. Finally, RL is the category of ML in which learning
happens without any human involvement, for these type of algorithms have a
system (called agent) that learns a behavioural pattern of interaction with its
environment by performing actions and then learn from the outcome. If said
outcome satisfies a set of conditions imposed by the environment then the ML
algorithm can be considered successful in its learning process. Needless to say,
ML algorithms have a wide scope of possible applications. In the case of high
energy Physics, their ubiquitous usage proves of utmost importance, since are
currently allowing the development of new methodologies of data analysis [28§].
The performance of the algorithm was trained and tested on data obtained
from MC simulations of W’ production at LHC.

The subsequent analysis will make use of a binary classifier, a ML algorithm
able to group entries into two categories, namely true and false reconstructed
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top quarks.

4.4.1 Boosted Decision Tree

A Boosted Decision Tree is a ML algorithm that performs classification. A
decision tree is a sequence of requirements (cuts) applied in a specific order
on a given variable dataset [29]. The cuts split the dataset into nodes, each
corresponding to a certain number of samples classified as either signal or
background. Other cuts may be applied in order to further split each node.
Nodes in which either signal or background is dominant are classified as leafs,
and no further selection is applied. Other cases in which nodes are classified
as leafs is when there are too few remaining observations per node or when
the number of nodes becomes too large. Each branch on a tree represents a
sequence of cuts, as shown in Figure In order to achieve the best split
level in each node, the cuts can be tuned according to some metrics. Once the
process of training the algorithm on an already classified dataset is done, the
tree will be able to make predictions on unknown data. A possible optimization
consists in maximizing for each node the gain of Gini index achieved after a
splitting. The Gini index is defined as:

G =P(1-P), (4.8)

in which P is the fraction of signal samples in the node, called purity. This
index is zero for nodes containing only signal or background. As an alternative
to the Gini index, another important metric frequently used is called cross
entropy:

E = —Plog(P) + (1 — P)log(1 — P). (4.9)

The gain due to the splitting of a node A into two nodes B; and By is defined
as
Al = I(A) — I(By) — I(By). (4.10)

where I represents the chosen metric. Due to their easy interpretability, deci-
sion trees are very useful ML algorithms; however, they are fairly susceptible
to overtraining, an occurrence in which the algorithms learns the fluctuations
in the training dataset instead of identifying the pattern in the data. As a re-
sult of overtraining, the model does not generalize properly to new, unlabelled
data. In order to improve the robustness of decision trees, they are ofter com-
bined into ensembles. There are many methods of creating combinations of
decision trees, and one of these is called boosting. This iterative procedure is
performed as follows:

e training observations are reweighted using the previous iteration’s clas-
sifier result;

e a new tree is built and optimized using the reweighted observations as a
training sample;

e a score is given to each tree;
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Figure 4.10: Chart depicting the branching process of a decision tree.

e the output of the final BDT classifier is the weighted average of every

tree:
Nt'fees

y = Z WEYr, (4.11)
i=1
in which wy, are the weight (score) and y;, are the prediction of the k —th
tree.

4.5 Top Tagging with BDTs

For the resolved and merged top quark recostruction, a total of 12 models
were developed using the XGBoost module in Python[30]. The dataset used
for classification is composed of triplets of b-jets, leptons and MET in simu-
lated collision events at LHC. The algorithm was trained on events from the
MC simulations, and the performance was tested on an indipendent event set
from the same MC simulation. The dataset obtained after the top quark recon-
struction consists of a grid, in which each row represents a single reconstructed
top quark. Each column contains different attributes of each top quark (i.e.
its pr, , ¢) and an additional column for the labels True and False, derived
from the MC truth.

Before the actual training, the dataset is prepared by following two main
steps:

e Preselection: a simple preselection is applied on leptons, in order to find
the cuts that make the background (False Tops) comparable to the signal
(True Tops):
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Muon Electron
pr > 10GeV | pr > 10GeV
isLoose=1 | mvanolsoL=1
Minilso<b Minilso<4
|Dxy|<0.5 |Dxy|<0.05

Table 4.1: Pre-selection applied on leptons.

The meaning of some of these features will be explained later in this
Section;

Binning: each category is split into 3 bins based on the pr values of the
reconstructed top quark candidate :

— high pr: pr > 1000GeV;
— medium p7: pr > 500GeV and pr < 1000GeV;
— low pp: pr < 500GeV;

Top quarks reconstructed with electrons and muons were analysed separately.
After this procedure, 12 datasets are obtained, 4 for each top pr bin, two of
which belong to the Merged category (on for each lepton), and the other two
to the Resolved one.

Tables [4.2] and [4.3]list all the variables used for the training. The label "Top"
represents a top quark reconstructed with the sum of the lepton and b-jet 4-
momenta, while "Top," also includes the missing transverse energy. The label
ub (unboosted) is used for the variables calculated in the top quark candidate
centre of mass frame. Beside the standard kinematic variables, some quantities
of particular interest for this analysis are:

Iso04, Iso03: as already described in Section they are different
degrees of isolation, respectively PF relative isolation with AR = 0.4,
AR =0.3;

mvanolsoL: an identification criterion on electrons based on a BDT
analysis developed by the electron CMS working group;

0p: angle between the lepton momentum direction and the b-jet mo-
mentum direction;

Prret quantity used to identify the pr component of the lepton perpen-
dicular to the b-jet, it is also used to discriminate between prompt and
non-prompt leptons:

|]52 X ﬁjet| .

= 4.12
5 (4.12)

P1rel =

Dxy & Dz: impact parameters in the transverse plane and in the lon-
gitudinal plane respectively;
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e DeepFlavB: bottom flavour tag discriminator, defined in the context of
the DeepFlavour algorithm employed for b-tagging;

e Over Jet Pt: defined as p;/pjet;

e isLoose: indicates that the lepton must comply to some criteria decided
by the CMS Collaboration.

Jet Muon Jetyy | Muon,,, Top Top,
M pr pr M M M
pr Dxy E pr E pr
n Dz n mT E
10) Minilso 0] dR
DeepFlavB Iso04 cos(Oyp)
Over Jet pt DT orel
Table 4.2: Variables employed by the BDT top tagger for candidates reconstructed with
muons.
Jet Electron Jety, | Electron,, Top Top,,
M pt M M M M
pr Dxy pr pr E pr
n Dz E i mT B
) Minilso 0] dR
DeepFlavB | mvanolsoL cos(Oyp)
Iso03 DT rel
Over_Jet pt

Table 4.3: Variables employed by the BDT top tagger for candidates reconstructed with
electrons.

Each one of the 12 datasets has been randomly split into a training and
test set; as the names imply, the former is used for the training process, while
the latter (also called validation set) is meant to be used for the evaluation of
the performance of the algorithm. When the performance of the algorithm is
the same for test and train, it means that the model is extrapolating from one
dataset to the other, i.e. is not mistakenly interpreting statistical fluctuations
of the training set as features of the signal. At first, 12 BDTs (one for each
dataset) were trained with an identical set of input variables and hyperpa-
rameters, in order to minimize the correlation between the output of the ML
algorithm and the transverse momentum of the top candidate. Then, after
identifying the variables mostly used by the BDTs, the Receiver Operating
Characteristic (ROC) curve was obtained. The ROC curve shows the perfor-
mance of a classification model by plotting two parameters, the True Positive
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Rate:
TP

TPR= ——— 4.1
i TP+ FN (4.13)
and the Fualse Positive Rate:
FP
FPR= —— 4.14
R FP+TN ( )

in which TP, FN, FP, and T'N respectively stand for True Positive, False
Negative, False Positive, and True Negative. Therefore, in the case of the
analysis in question, " = TP + FN, N = FP + TN are respectively the
total number of signal events and background samples in the training set,
while TP and F'P represent the number of signal and background samples
selected by the ML algorithm among the instances of the training set. As
seen in Figure .11} ROC curves plot TPR vs FPR at different classification
thresholds; an important parameter is the Area under the ROC curve (AUC),
a parameter accounting for the entire area underneath the ROC curve from the
point (0,0) to the point (1,1). A model whose AUC is 0 has efficiency 0 on the
signal, meaning each signal instance is rejected regardless of the requirement
on the score; one whose AUC is 1 perfectly rejects background entries for every
requirement applied to the score.

Perfect
classifier ROC curve
10e

Better

True positive rate

1.0
False positive rate

Figure 4.11: A few examples of ROC curves.

The results of the training of the BDTs and the related ROC curves are
shown below. Figure shows the output of the BDT for the resolved
signal with muons in the final state for the high p; configuration. There are
no visible signs of overtraining and the signal and background are correctly
identified and separated. The relative ROC curve is shown in Figure [4.12b]
and the AUC is 0.997. Below, all the results of the 12 trainings are shown.
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Figure 4.12: (a)BDT output for the resolved category reconstructed with a muon in the
final state, in the high pr range; the true top quarks (red) are correctly identified by the
algorithm, which separates them from the false tops (blue). No sign of overtraining is
present, for the performances of the model in the training (histogram bars) and the
evaluation (dots) sets are similar. (b) ROC curve for the high pr muon resolved category.
As expected from the output of the BDT, the model is working properly: the AUC is very
close to 1, meaning that the model is perfectly rejecting background entries for every
requirement applied to the score and the distance from the random chance is maximized.
(c) BDT output and ROC curve for the high py muon merged category. Even though a
slight residual overtraining is visible in the corresponding BDT score, the AUC is pretty
close to being unitary (d).
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Figure 4.13: (a) BDT output for the resolved category reconstructed with an electron in
the final state, in the high py range. Classification is correct for both the training and the
validation set, no signs of overtraining are visible. (b) ROC curve for the high pr electron

resolved category. As expected by the degree of separation of the signal and background

classes in the corresponding BDT score, AUC is very close to 1. (¢) BDT output for the
merged category reconstructed with an electron in the final state, in the high pr range. As
expected, since the statistic for this category is pretty low, this model suffers from evident
overtraining and misclassification is visible in the signal region. (d) ROC curve for the
high pr electron merged category. AUC is slightly lower with respect to the categories seen
up to this point, as it is expected from the output of the BDT score.
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Figure 4.14: (a)BDT output for the resolved category reconstructed with a muon in the
final state, in the medium pr range. (b) ROC curve for the medium pr muon resolved
category. (c¢) BDT output for the medium pr mu merged category. Again, this model
suffers from overtraining and misclassification, with a clear although almost negligible
background tail in the signal region. (d) BDT output and ROC curve for the high pr

muon merged category.
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Figure 4.15: (a) BDT output for the resolved category reconstructed with an electron in
the final state, in the medium pr range. (b) ROC curve for the medium pr electron
resolved category. (¢) BDT output for the merged category reconstructed with an electron
in the final state, in the medium pr range. Since the number of entries for this category is
low, overtraining and misidentification are unavoidable. (d) ROC curve for the medium pr
electron merged category. Needless to say, AUC has a lower value with regards to its

muonic counterpart.
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Figure 4.16: (a) BDT output for the resolved category reconstructed with a muon in the
final state, in the low pr range. (b) ROC curve for the low pr muon resolved category. (c)
BDT output for the low pr mu merged category. (d) BDT output and ROC curve for the

high pr muon merged category.
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Figure 4.17: (a) BDT output for the resolved category reconstructed with an electron in
the final state, in the low pr range. (b) ROC curve for the low pr electron resolved
category. (c¢) BDT output for the merged category reconstructed with an electron in the
final state, in the low pr range. (d) ROC curve for the low pr electron merged category.
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4.6 TopSA Tagging with the BDTs

For the Top Standalone category, the main variables used in the training are
inherited from the jets collection. The preparation of the dataset is in every
way similar to the one used in the standard analysis, except for the selection on
leptons, which of course is not feasible in this case. However, the requirement
on the flavour of the selected jet stands, for this TopSA must have a bottom
quark. The variables used in the training are listed in Table the labelling
is similar to the one used in the standard analysis. "TopSA," is the only
real category of top candidate considered in this training, for its counterpart
without the missing transverse energy would have been simply a jet, therefore
inappropriate for this type of analysis. The momentum components of the new
object called "LeptonSA" have been calculated in the Standalone Top centre
of mass frame, therefore the pedix. The same was done for the equivalent of
the jet in this new analysis.

TopSA, | LeptonSA,; | JetSA,;, | Class Variables
pr pr pr area
n 0] e bRegRes
M e btagCMVA
M btagDeepFlavB
partonFlavour

Table 4.4: Variables employed by the BDT top tagger for candidates reconstructed with
electrons.

e area: arca of the cone opening in the (7 — ¢) plane in which tracks are
detected, mainly used in the context of jet energy corrections;

e bRegRes: pr resolution corrected with b-jet regression. The b-jet en-
ergy resolution is worse with respect to the light quark/gluon induced
jets since in the 35% of the cases a neutrino is involved in the B hadron
decay.The regression technique is a multidimensional calibration target-
ing the jet transverse momentum at generator level, exploiting several
jet and event properties;

e btagCMVA: another b-tagger discriminator. The Combined Multi
Variate Algorithm tagger combines the discriminator values of various
taggers to improve the identification of b-jets:

e btagDeepFlavB: DeepFlavour algorithm tagger, already described in
Section [4.1}

e partonFlavour: flavour from parton matching;

BDTs and ROC curves for the 6 models for TopSA are shown and commented
below.
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Figure 4.18: (a) BDT output for the StandAlone category reconstructed with the charged
calorimeter energy fraction in the high pr range. (b) ROC curve for the standalone
category reconstructed with the charged calorimeter energy fraction in the high pr range.
(¢) BDT output for the standalone category reconstructed with the muonic calorimeter
energy fraction in the high pr range. (d) ROC curve for the standalone category
reconstructed with the muonic calorimeter energy fraction in the high pr range.
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Figure 4.19: (a) BDT output for the StandAlone category reconstructed with the charged
calorimeter energy fraction in the medium pr range. (b) ROC curve for the standalone
category reconstructed with the charged calorimeter energy fraction in the medium pr

range. (¢) BDT output for the standalone category reconstructed with the muonic
calorimeter energy fraction in the medium pr range. (d) ROC curve for the standalone
category reconstructed with the muonic calorimeter energy fraction in the medium pr
range.
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Figure 4.20: (a) BDT output for the StandAlone category reconstructed with the charged
calorimeter energy fraction in the low pp range. (b) ROC curve for the standalone
category reconstructed with the charged calorimeter energy fraction in the low pp range.
(¢) BDT output for the standalone category reconstructed with the muonic calorimeter
energy fraction in the low pr range. (d) ROC curve for the standalone category
reconstructed with the muonic calorimeter energy fraction in the low pr range.
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Chapter 5

Application of ML algorithm and
W’ analysis

In this Chapter, the analysis strategy for the search of the W' is presented.
As previously stated, this work focuses on the processes where the W’ decays
into a bottom and a top quarks, with the latter later cascading leptonically
into a jet-lepton-neutrino triplet. Figure [5.1] shows the complete decay chain.
The bottom quark undergoes hadronization, resulting in a b-jet. The recon-
struction of the top quark candidate through its experimental signature is
performed using the algorithm described in the previous Chapter, Section |4.2]
For each lepton, 3 top quark categories have been identified: the Merged, the
Resolved, and the StandAlone category. While the Merged and Resolved cat-
egories are not mutually exclusive, the SA is exclusive with the Merged one,
but not with the Resolved one: in fact, SA top quarks are reconstructed from
jets that do not overlap with reconstructed leptons. After selecting the best
top quark candidate for each category, the next step in the reconstruction of
the W’ is the identification of the other object involved in its decay, namely
the b-jet. Jets derived from bottom quarks are selected ensuring that those
b-jets involved in the top quark reconstruction are singled out and, therefore,
excluded from the reconstruction of the W’. For each top quark category the
highest BDT score top quark candidate and the highest-pr eligible b-jet are
selected. Further selection criteria can be defined on top of this reconstruction
to reduce specific background contributions, as it will be detailed later on in
this Chapter. The 4-momentum of the W’ boson is obtained by adding the
4-momenta of the reconstructed top quark and of the b-jet. Before proceeding
in the description of the analysis, it is to be noted that the nature of the top
quark and its behaviour are deeply linked to the value of the W’ mass hy-
pothesis. From the existing searches at the LHC [20] [21] [19], it is seen that
the W' production has been excluded for the most common models in a mass
range below 2-3 TeV. Therefore, the presented analysis is limited to a mass
range above 2 TeV. The module of the top quark momentum is of order the
magnitude of my /2. The decay products of the top quark are produced in a
cone roughly with angular opening R ~ 2m;/pr, in which m; is the top quark
mass, and pr its transverse momentum. As the pr gradually increases with the
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Figure 5.1: Feynman diagram for the W’ — tb — [t1;bb process. After selecting the
best top quark candidate, the next step is the reconstruction of the W’ boson, performed

by adding the 4-momenta of the selected top quark candidate and b-jet.

W' mass hypothesis, it is expected that the prevailing top quark configuration
will be the Merged one, for it is defined as the case in which the lepton and
the b-jet are at an angular distance AR < 0.4. The analyzed masses are in
the range 2-6 TeV, therefore, for higher values of my -/, one expects that the
prevailing top quark configurations will be the Merged or the SA ones. In order
to simplify the description of the subsequent analysis, the following notation,
referring to the previously discussed top quark reconstruction categories, will
be adopted:

mu_merged: the top quark is reconstructed with a muon in its final
state, and the angular distance between the lepton and the b-jet is AR <
0.4;

mu_ resolved: the top quark is reconstructed with a muon in its final
state, and the angular distance between the lepton and the b-jet is 0.4 <
AR < 2;

el merged: the top quark is reconstructed with an electron in its final
state, and the angular distance between the lepton and the b-jet is AR <
0.4;

mu_resolved: the top quark is reconstructed with an electron in its
final state, and the angular distance between the lepton and the b-jet is
0.4 < AR < 2;

mu_ topSA: the top quark is reconstructed from a jet with an angular
opening of the cone equal to AR = 0.4, in which the muon is recon-
structed from the muon energy fraction;

el topSA: the top quark is reconstructed from a jet with an angular
opening of the cone equal to AR = 0.4 in which the electron is recon-
structed from the electromagnetic energy fraction in the ECAL
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Given the high-energetic nature of top quarks it is natural to assume that the
high and medium pr4,, range will return the best W’ reconstructions. Fur-
thermore, since muons are naturally better separated from jets in the CMS
reconstruction chain and in the CMS subdetector system, it is expected that
the mu_ topSA category will not be of particular significance. The most abun-
dant background processes that can mimic a W’ decay are tf, W-jets, and
QCD, described in the following section, plus minor contributions from other
backgrounds that are considered as negligible for the sake of evaluating the
performance of the analysis at this stage.

5.1 Background description

The analysis was performed on MC simulated signals samples, considering
right-handed W’ production, with 3 different sets of masses: 2, 4, and 6 TeV,
with a decay width of 1% of the respective mass.

e {t: a top quark and anti-quark couple is produced, as Figure shows.
If at least one of the top quarks decays leptonically, it can exactly mimic
the final state of the W’ -originated top quark. The other top quark of
the pair generates a b-jet that could be selected as the jet deriving from
the W', creating a fake signal event;

o IV+Jets: the associated production of the W boson and two jets (Figure
could recreate a final state for which the W boson, decaying into a
lepton-neutrino couple, could be misidentified as a signal if accidentally
paired with a bottom quark-originated jet, while the other b-jet in the
event reproduces the other leg of the W’ decay;

e (QCD: a quark pair is generated from gluon-gluon interaction, and the
combination of one of the quark jets with the lepton-neutrino pair in
the other jet coming from the non-prompt hadronic decay chains of, for
instance, b-hadrons, could amount to the top mass, therefore constituting
background for the event in question;

Table[5.1]lists the samples used for this analysis, their respective cross sections,
and the number of expected entries for each sample, obtained by multiplying
each cross section by the nominal luminosity, which, for the case considered
is the 2016 luminosity L = 35.9fb~%. The tt, W+Jets, and QCD samples
are divided into subsamples in order to increase the available MC statistics.
The bins are made in My for ¢, and in HT for W+Jets and QCD. My; is
the invariant mass of the ¢f quark pair, and in HT is the hadronic transverse
energy of the jets. The W+Jet cross sections are multiplied by the scale factor
obtained from the ratio of the next-to leading order (NLO) over leading order
(LO) cross section.
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Samples o (pb) N=o-L

W’(2 TeV) 1.397 55 -10°
Signals W’(4 TeV) .01736 685
W’(6 TeV) .0009153 36
Total number of signal events 55902
Mo 700 to 1000 GeV | 80.5 34 -10°
" >1000 GeV 21.3 84 -10*
Total number of ¢t events 42 -10°

70 to 100 GeV 1353.0 x 1.21 | 64 -10°
W-Jets; HT ranges 100 to 200 GeV 1345 x 1.21 64 -10°
200 to 400 GeV 359.7 x 1.21 17 -10°
400 to 600 GeV | 48.91 x 1.21 23 -10°
600 to 800 GeV 12.05 x 1.21 57 -10*
800 to 1200 GeV | 5.501 x 1.21 26 -10*
1200 to 2500 GeV | 1.329 x 1.21 63 -103

>2500 GeV 0.03216 x 1.21 | 1580
Total number of W+Jets events 14 -107
300 to 500 GeV 347700 13 10
500 to 700 GeV 32100 12 -108
700 to 1000 GeV | 6831 26 -107
QCD; AT ranges 1600 1 1500 GeV | 1207 47 10°
1500 to 2000 GeV | 119.9 47 -10°
> 2000 GeV 25.24 9 .10°
Total number for QCD events 14 -10°

Table 5.1: Cross sections and expected number of events per each sample used in the
analysis. Each sample is split accordingly to the nature of the phenomenon in question; for
each subsample, the cross sections are listed. The product of the 2016 nominal luminosity

and the cross section are reported for each sample, for this quantity is used to define
selection efficiencies for both signal and background categories in later steps of the analysis.

Figure 5.2: Feynman diagram of the ¢t quark pair creation.
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Figure 5.3: Feynman diagram of the W+Jets background events.
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Figure 5.4: Feynman diagram of the QCD background events.

5.2 W’ reconstruction and baseline selection

As stated in Figure [5.1] a selection of the most suitable top quark and b-
jet candidate is necessary in order to avoid combinatorics background. For
each category described in Chapter [4] the best top quark candidate has been
selected by requiring a 90% background rejection. This selection requirement
was applied to the top tagging Score, so that 90% of fake top quarks are
rejected, according to the studies performed in Chapter[d The b-jet stemming
from the hadronization of the b-quark originated from the W’ decay vertex was
selected among the jet candidates that pass the following conditions:
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e pr > 30 GeV;

e value of the b-tag discriminator score (named btagDeepFlavB) > 0.4
which corresponds to a misidentification probability of 1%, namely the
so-called Medium working point of the algorithm.

In order to reject those jets not compatible with the high pr spectrum of the jet
from a direct W’ decay, an additional requirement was applied to the already
flavour-tagged b-jets, namely that pr > 100 GeV. Among these jets, the ones
with the highest pr are selected. Of course, these jets are also vetoed from
being the ones involved in the top quark reconstruction. After this selection
and the construction of the 4-momenta of these two objects, the 4-momentum
of the W’ boson is thusly obtained:

Pa,w’ = P4top + Papjet (51)
Figures and [5.7 show the mass distribution of a W’ boson in the 4

TeV mass hypothesis, reconstructed respectively for the high, medium, and
low pr categories. The peaks are clearly shifted to the left. This could be due
to the fact that the selection of the b-jet coming from the W' decay has not
been optimized, and the top quark 4-momentum reconstruction algorithm was
originally tuned on top quarks in the Resolved regime. Additionally, given the
kinematics of the top quark, events in the low-pr regime for signal processes
are extremely unlikely, therefore, they might stem from cases in the very tail
of the kinematic distributions. For these reasons, the best results are obtained
for those categories corresponding to higher values of the reconstructed top
quark transverse momentum, while the low py categories clearly suffer from
misidentification in both the top reconstruction and the b-jet selection.
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Figure 5.5: W' masses reconstructed considering the 4 TeV mass hypothesis, using the (a)

mu_merged (b) mu_resolved (c¢) el _merged (d) el resolved top quark categories in the
high pr range.
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Figure 5.6: W' masses reconstructed considering the 4 TeV mass hypothesis, using the (a)

mu_merged (b) mu_resolved (c¢) el _merged (d) el resolved top quark categories in the
medium pr range.
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Figure 5.7: W' masses reconstructed considering the 4 TeV mass hypothesis, using the (a)
mu_merged (b) mu_resolved (c¢) el _merged (d) el resolved top quark categories in the
low pr range.
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Figure 5.8: W’ masses reconstructed considering the 4 TeV mass hypothesis, reconstructed
with the el _topSA top quark category for the (a) high, (b) medium, and (c) low pr range.
In the first two cases the reconstruction, although imperfect, is perfunctory to the
reconstruction of objects with a mass > 2 TeV, the low pr case is clearly suffering from
misidentification issues.
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5.3 Analysis strategy

After the event reconstruction and categorization, additional kinematic re-
quirements are imposed on the objects used for the W’ reconstruction to reduce
the background contamination. Characteristic variables for this process are the
reconstructed top quark mass and the transverse momentum of the b-jet deriv-
ing from the W’ decay. Figure[5.9and Figure [5.10|show the distribution of the
reconstructed top quark mass for the mu_merged and mu_resolved top quark
categories in the high and medium pr ranges. Figure and Figure [5.10]
show the b-jet pr for each category in the high and medium p; range. By re-
quiring that the top quarks involved in the W’ reconstruction must have mass
my > 50 GeV (or alternatively m; > 100 GeV), a significant part of the QCD
and tf backgrounds are removed, while the requirement m; < 250 GeV helps
in both the cases of W+Jets and QCD. By imposing a requirement the b-jet
pr to be at least 300 GeV (200 GeV for the case where a medium pr top quark
is reconstructed), an improvement in the ¢¢ background is seen. Summarizing,
the requirements applied to the W’ decay products are:

e Score > 0.9(0.7) for high (medium) pr top quarks;

o (50 < my < 250) GeV;

® pryjer > 300(200) GeV for high (medium) py top quarks;
e htagDeepFlavB > 0.4;

The BDT score criterion for top quark selection is less efficient at lower pr
ranges, therefore a lower threshold has been chosen in order to find the best
trade-off between selection efficiency and mis-identification.
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mass.
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Figure 5.10: Masses of the reconstructed (a) mu_merged (b) mu_ resolved top quark
candidates in the medium pr range. These variables were used to optimize the cut on the
W' mass.
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Figure 5.18: Transverse momentum distributions of the b-jet involved in the W’
reconstruction for the el topSA configuration in the (a) high pr (b) medium pr range.
These variables were used to optimize the cut on the W’ mass.

Finally, the W’ distributions for the considered signals and backgrounds
were obtained. The reconstructed W’ mass shows a good discrimination power
between signals and background, in particular for the Merged categories for
both muons and electrons, and the SA category for electrons in the high top
quark py range. In order to require the Merged and SA categories to be mutu-
ally exclusive, an additional requirement vetoing the el merg in the presence
of a el topSA is applied. The same procedure was repeated in the case of
the Resolved category, and seemingly the difference in the W' yield and shape
was found to be negligible. Therefore, top quark categories result in event
reconstruction categories that are almost completely exclusive, given the low
likelihood of having two top quarks passing the top-tagging requirements.
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Figure 5.19: W’ boson mass distributions for the (a) mu_merged (b) mu_resolved top
quark categories in the high pr range.
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Figure 5.20: W’ boson mass distributions for the (a) mu merged (b) mu_resolved top
quark categories in the medium pr range.
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Figure 5.21: W’ boson mass distributions for the (a) el _merged (b) el resolved top quark
categories in the high pr range.
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Figure 5.22: W’ boson mass distributions for the (a) el merged (b) el resolved top quark
categories in the medium pr range.
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Figure 5.23: W’ boson mass distributions for the el topSA top quark category in the (a)
high (b) medium pr range.

After obtaining the distributions of the W’ mass for the set of chosen
samples, selection efficiencies were derived for all categories. The selection

efficiency is defined as:
Nsel

N
In which N is the number of events passing the selection for the considered
category, while the N = o - L is the total number of events, listed in Table [5.1]
It is to be noted that this efficiency represents the combination of all the
previous steps in the analysis process. A more accurate formula would be

€ =

(5.2)

€ = €BR " €ML * €b—tag * €pr> (5.3)
in which:

e cpgr: each category is reconstructing a specific lepton, and, as already
stated in Chapter |3, the BR is approximately 10% for both the electron
and the muon cases. Therefore, the events of interest after the initial
selection is approximately 10% of the initial number of entries;

e ¢/ there are two steps of the ML procedure that create a natural event
selection; the categorization, intrinsically designed to recognize and label
those events that correspond to true signal events, and the score selection,
base on the output of the training process;

® €,_tqg: as already seen in Chapter [ Section the b-tagging efficiency
is order of 50%-70% for the adopted working point (i.e. medium) in the
case of very high py b-jets;

® ¢,,: the binning into 3 different kinematic ranges for the reconstructed
top quark applies an ulterior selection to the number of signal events;
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The Tables [5.2] [5.3] and [5.5] show that the numbers obtained are of an
order of magnitude comparable with the expected values of efficiencies for this
kind of process. The selection efficiencies in the case of the mu_topSA cate-
gory are not particularly meaningful: the reconstructed W' mass distribution
is pathological, meaning there are issues in the previous steps of reconstruction.
This was somehow expected, because, as already stated, muons are naturally
better separated from jets in the CMS reconstruction chain and in the CMS
subdetector system, therefore they do not suffer from misidentification issues,
rendering the construction of the SA muon categories from scratch non par-
ticularly meaningful or effective. Therefore, these objects will not be included
in the subsequent analysis.

mu_merged

high pr medium pr

Sample | Efficiency Sample | Efficiency

W’'(2 TeV) 0.009 W’'(2 TeV) 0.02

W’(4 TeV) 0.015 W’ (4 TeV) 0.017

W’(6 TeV) 0.016 W’(6 TeV) 0.009
tt 4.8 -107¢ tt 3.3-1074
W-Jets | 4.7-1078 WJets | 3.3-10°¢
QCD 1.4 -107° QCD 3.7-1077

Table 5.2: Selection efliciencies for the mu_merged category.

mu_resolved

high pr medium pr
Sample | Efficiency Sample | Efficiency
W (2 TeV) | 4.8 -107* | W (2 TeV) | 6.0 -107°
W’(4 TeV) | 3.6 1073 | W (4 TeV) | 2.4 -107°
W’(6 TeV) | 2.0 -107% | W’(6 TeV) | 1.4 -107°
tt 7.2-107° tt 3.9 -10°F
W-Jets | 881072 || W+Jets | 3.7-1078
QCD 1.9-.10710 QCD 7.8 10716

Table 5.3: Selection efficiencies for the mu_resolved category.
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el merged

high pr medium pr
Sample | Efficiency Sample | Efficiency
W (2 TeV) | 3.8-107° | W(2 TeV) | 4.6 -107°
W(4 TeV) | 2.6 1073 | W(4 TeV) | 4.1 -1073
W’(6 TeV) | 1.9 -1073 || W'(6 TeV) | 1.8 -1073
tt 1.4-107° tt 3.9-107°
WJets | 2.7-107% || W+Jets | 6.4-1077
QCD 9.7 -107H QCD 5.3 -107°

Table 5.4: Selection efficiencies for the el merged category.

el resolved

high pr medium pr
Sample | Efficiency Sample Efficiency
W(2 TeV) | 5.6 -107° || W’(2 TeV) | 9.57 -1073
W’(4 TeV) | 6.3-107% || W'(4 TeV) | 3.7-1073
W’(6 TeV) | 2.0 1077 || W'(6 TeV) | 8.9 -1077
tt 5.6 1077 tt 4.2 -107*
WJets |3.8-10712 || WilJets | 1.6 -1077
QCD 7.8 1071 QCD 7.5 1077

Table 5.5: Selection efficiencies for the el resolved category.

el topSA
high pr medium pp

Sample | Efficiency Sample | Efficiency
W (2 TeV) | 1.6 -107° | W'(2 TeV) | 4.2 1073

W’ (4 TeV) 0.007 W’(4 TeV) 0.004

W’'(6 TeV) 0.008 W’'(6 TeV) 0.003
tt 3.4-107° tt 9.1-107°
W-Jets | 451078 | W-Jets | 8.6-1077
QCD 4.9 10710 QCD 3.7 1077

Table 5.6: Selection efficiencies for the el topSA category.



mu_ topSA

high pr medium pp
Sample | Efficiency Sample | Efficiency
W2 TeV) | 12107 [W(2 TeV) | 1.3-1073
W’'(4 TeV) 0.05 W’(4 TeV) | 9.1 1073
W’'(6 TeV) 0.05 W’(6 TeV) | 6.0 -1073
tt 5.9 -107° tt 1.0 -1077
WJets | 53-1077 | WlJets | 7.5-107°
QCD 4.7 1078 QCD 3.7-107°

Table 5.7: Selection efficiencies for the mu_topSA category

Finally, a note on the low pr range: the reconstruction of the event is
clearly pathological, as already seen in Figure for the Merged and Re-
solved categories, and in Figure for the SA one. There are clear signs
of misidentification; therefore, although the selection efficiencies are relatively
high with regards to the corresponding efficiencies for background samples, the
algorithm is selecting the wrong events most of the times. This is probably
due to the fact that the algorithm of reconstruction of the top quarks and the
identification of the b-jets is not optimized in the low energy ranges, and since
the nature of the considered objects is intrinsically energetic, being them a
direct byproduct of a massive object such as the W’ the process of analysis
is more difficult and in need of a separate in-depth study in order to make a
proper object selection. Therefore, the subsequent analysis will not be carried
forward on these categories in the low pr range.

low pr

mu_ merged mu_ resolved
Sample | Efficiency Sample | Efficiency
W’(2 TeV) | 3.7-107° || W'(2 TeV) | 1.3 -1073
W’(4 TeV) | 1.5-107% || W'(4 TeV) | 3.1 -107*
W’(6 TeV) | 2.9 -107* | W'(6 TeV) | 1.2 -107*
tt 1.8 1077 tt 5.9 -1074
WJets | 7.8 1070 || WJets | 2.4 1077
QCD 1.5-107° QCD 2.8 1078
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low pr

el merged el resolved
Sample | Efficiency Sample | Efficiency
W (2 TeV) | 7.0-107% | W (2 TeV) | 3.9 1073
W(4 TeV) | 3.6 1073 | W(4 TeV) | 1.2 1073
W’(6 TeV) | 1.9 -1073 || W'(6 TeV) | 1.2 -1073
tt 2.0 -107* tt 1.7 -1073
WJets | 1.1-1077 | WJets | 1.3-.107°
QCD 4.0 1078 QCD 1.2 1077

Table 5.9: Selection efficiencies for the low pr range for the categories involving electrons.

low pr el _topSA
Signal Efficiency
W’(2 TeV) | 7.0 -1073
W’ (4 TeV) | 3.7 1073
W(6 TeV) | 1.9 1072

tt 2.09 -107*
W-+Jets 1.1 -1077
QCD 1.3 108

Table 5.10: Selection efficiencies for the low pr range for the el topSA category.
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5.4 Fit procedure

For this analysis, a maximum likelihood estimator is used to extract the sig-
nal. The method is based on the construction of the combined probability
distribution of all entries in a data sample, called likelihood function:

L('Ilv ooy Tipj 917 aem) = f(xb "'7$n;01a "'79m)7 (54)

in which f is the joint Probability Distribution Function (PDF) of the random
variables z1, ..., x,, and 04, ...,60,, are a set of unknown parameters. The esti-
mate of the parameters to determine is obtained by finding the parameter set
that corresponds to the maximum value of the likelihood function. This ap-
proach gives the name of mazimum likelihood method to this technique [29]. In
the case of N repeated measuremets, the likelihood function is the probability
density corresponding to the total sample Z = {(x},....21), .., (z}, ..., 2N)}. If
the observations are indipendent of each other, the likelihood function can be
written as:

N
L(#0) = [[ = £, ... 2k 01, ..., 6,) (5.5)
=1

Usually, the logarithm of the likelihood function is computed, so that:

— logL(% ogf ot w0y, 0,). (5.6)

||Mz

For this analysis, an extended binned maximum likelihood is used:

N

L(&,0) = P(s(0) + b(0)) [ [[ws fo (i, 0) + ws fi(s,0)] (5.7)

i=1

in which P(s + b) is the Poisson distribution, and f; and f, are the PDFs
taken from the MC template histogram. The quantities w; and wy are the
relative fractions of the signal and background; b = by + by jers + boep is the
number of background events, and s is the number of signal events sy. This
parameter allows to extract information on the cross section by making use of
the signal efficiencies derived from MC, and reported in Tables [5.2] 5.3 [5.4]
, and . The ratio Sy’ /Stheory 1S commonly referred to as signal strength
R. A test statistic ¢ can be used to measure the degree of compatibility between
data and a hypothesis to refute, named null hypothesis. In case of a search
for new physics, the null hypothesis is the case in which only background is
present, while a competing hypothesis is the case where both the expected
signal and background are present. In order to define the test-statistic, the
profile likelihood ratio of the fit to the W’ reconstructed mass has been used:

Ls-i-b(fv 9)

A(0) = L0

(5.8)
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from which the test statistic is defined as
t = —2log\(0) (5.9)

The probability p that the considered test statistic assumes a value greater or
equal to the one observed in data due to a statistical fluctuation of the null-
hypthesis is called p-value. The upper limits to the cross section were evaluated
using the Combined toolkit provided by the CMS collaboration, which uses the
method of CL in order to provide a measure of the level of compatibility of
data with a signal hypothesis. This method defines the quantity:

CL(F) = L@ (5.10)

in which pj, is the p-value of the null hypothesis, namely the probability that
only background is present, while p,, is the p-value of the signal hypothesis.
The profile maximum likelihood fit is set up as a simultaneous binned maxi-
mum likelihood fit to the my in the signal categories. The fit is performed
in multiple configurations to compare the performances of the different algo-
rithms. The expected upper limits on the signal cross section at 95% CL were
evaluated, considering a luminosity of 35.9 fb~! corresponding to the 2016 data
set, on the following configurations:

® [i;r : mu_merged + mu_resolved categories in the high and medium pr
range (Figure [5.24);

® Coerg+sa : €l_merged + el topSA in the the high and medium p; range

(Figure [5.20);

e ¢;; - el _merged + el resolved + el topSA in the high and medium pr
range (Figure [5.25);

o Merged.,, : el_merged + mu_merged in the high and medium p7 range

(Figure |5.27));

e Totaley, : el_merged + mu_merged + el_resolved + mu_resolved +
el topSA in the high and medium pr range (Figure [5.28));

No systematic uncertainties were included at this stage of the analysis, with
the sole exception of the one concerning luminosity, which is treated as a
nuisance parameter in the construction of the maximum likelihood function.
As expected, muons perform better than electrons. In regards to the electron
categories, the el _topSA category provides a non-negligible contribution to the
evaluation of the upper limit, which is compatible with the order of magnitude
of the one provided by the el merged category. Furthermore, the upper limit
with the T'otal.y, is slightly improving on the existing analysis limits on the
cross section, and allowing to access a higher mass range mitigating high pr
efficiency loss, ultimately raising the value of the excluded mass. [31].
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Configuration Upper Limit on R at 95% CL
W2 Tev) | W4 TeV) | W'(6 TV)
htot 0.0718 0.7852 9.9062
ot 0.0713 1.5078 22.7500
Cmerg+SA 0.1255 1.6641 24.8750
Merged,, 0.0835 0.7695 9.4062
Totaley,, 0.0513 0.6660 8.1875

Table 5.11: Upper limit on the signal strength R = ¢/0cgpectea at 95% CL for each
configuration.

Cross section (pb) Upper Limit at 95% CL

Configuration | 35T A TW A Tev) [ W6 ToV)
™. 0.1003 | 0.0136 911073

oot 0.0096 | 0.0261 2.1 .10-2
Emergt 54 0.1753 | 0.0288 2.3 102
Mergede,, | 01166 | 0.01335 8.6 10
Totale, 0.0716 0.0115 7.4-1073

Table 5.12: Expected cross sections for each configuration, obtained by multiplying the
signal strength with the theoretical o value.
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Figure 5.24: Expected 95% CL upper limit for the ¢ configuration.
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Figure 5.25: Expected 95% CL upper limit for the e;o; configuration.
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Figure 5.26: Expected 95% CL upper limit for the ep,erg+54 configuration.
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Figure 5.27: Expected 95% CL upper limit for the Merged., configuration.
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Figure 5.28: Expected 95% CL upper limit for the Total., configuration.
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Conclusions

In this thesis, an analysis strategy for the search of the W’ boson using Ma-
chine Learning techniques has been developed. The analysis was performed
on Monte Carlo simulated samples of W’ signal events and its most impor-
tant backgrounds, produced in proton-proton collisions at LHC with a centre-
of-mass energy of 13 TeV, and reconstructed with the CMS detector. The
simulated data samples reproduce the data taking conditions of the detector
during 2016, and they are scaled to the corresponding integrated luminosity
of 35.9 fo=1. The W’ boson is a new resonance predicted by many theories
Beyond Standard Model, and among these models, particularly interesting are
the ones that predict the W’ to have a preferential coupling with the third gen-
eration of quarks and leptons, and they foresee values of the W’ mass in the
TeV range. Such boson is a heavier counterpart of the SM W boson, therefore
it has the chance to decay into a top and bottom quark. The bottom quark
undergoes hadronization, creating a jet, while the top quark can decay to both
hadronic and leptonic final states. The considered leptonic decay channels
include either a muon or electron in the final state, in association with a bot-
tom quark and a neutrino. The main goal of this work was to study the top
quark reconstruction for its leptonic decay making use of Machine Learning
techniques. Three categories of reconstructed top quarks have been defined:
the Merged category, for which the lepton is reconstructed inside the b-jet, the
Resolved category, for which the lepton and the b-jet are angularly separated,
and the StandAlone(SA) category, considering the cases in which leptons are
overlapping with the b-jet, as in the Merged category, but not reconstructed
or identified by standard algorithms. This last category was defined in order
to recover signal inefficiency, observed in W’ signal simulation, in the electron
channel, in particular for Merged events, after observing from simulation a
non-negligible difference between the number of events with reconstructed and
true top quarks. These three categories have been split into three kinematic
ranges, based on the pr of the reconstructed top quark, for a total of 18 models.
Instead of the standard selection based on requirements on the single decay
components, a top-tagging was performed with the aid of a Boosted Decision
Tree algorithm, a binary classifier which performs a search on the variables in
order to select the true top quark candidates in each category. In each event,
for those categories having more than one reconstructed top quark candidate,
a hierarchy was established based on the output score of the BDT. The best
candidate for each category was then selected with a requirement that rejected
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90% of fake top quarks. For each category, the W' mass was reconstructed;
the jet stemming from the bottom quark hadronization at the W’ decay vertex
was selected by making requirements on its py and the score of an appropriate
algorithm for tagging b-jets. An extended binned maximum likelihood fit to
the MC simulated dataset, reproducing a realistic 2016 dataset, is performed;
the fit accommodates various configurations in order to evaluate the impact on
the result of various algorithms. Upper limits on the cross sections have been
estimated at 95% CL. The addition of the SA categories for electrons results in
a betterment on the existing analysis limits on the cross section, and allows to
access a higher mass range mitigating high pr efficiency loss, ultimately raising
the value of the excluded mass. Further implementations in the analysis could
be the introduction of systematic uncertainties, and the optimization of the
reconstruction algorithm; the top-tagging could make use of different Machine
Learning classifiers able to give a hierarchy not only to top candidates but also
to reconstruction strategies. Furthermore, the implemented analysis could be
performed on data from Run-II after making the proper tuning of the Machine
Learning algorithm and eventually applied on the up-and-coming data from
the Run-III data taking.
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