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Introduction

The Standard Model of Particle Physics (SM) is the theory that most accu-
rately describes elementary particles and their interactions. All the predic-
tions of the SM have been experimentally verified, and in particular all the
particles it predicted have been discovered, the last one being the Higgs Bo-
son in 2012. Despite its successes, the SM is not a complete theory, as it does
not explain phenomena such as the gravitational interaction, the masses of
the neutrinos, the hierarchy problem or the existence of dark matter and
dark energy.

In order to overcome its shortcomings, several theories have been proposed
to extend the SM, such as supersymmetry, extra dimension, or composite
Higgs. A common feature of many of these theories is the prediction of
the existence of Vector-Like Quarks (VLQs) with masses at TeV scale. The
VLQs, differently from the SM quarks, are characterized by a chirality sym-
metry under the electroweak interactions.

Another class of models aims at explaining the existence of Dark Matter
(DM) as measurable predictions at the LHC. The DM takes its name from
the fact that it does not appear to interact with the electromagnetic field,
which means it does not absorb, reflect, or emit electromagnetic radiation, if
it exists, it must barely interact with ordinary baryonic matter and radiation
through interactions with small couplings like for example gravity and/or
weak force. Some models predict the interaction beetwen SM particles and
DM allowing the production of DM particles in a proton-proton collision.
In this work is presented the search for a final state common to both VLQ
and DM models, characterized by the presence of a single top quark in asso-
ciation with invisible particles. In the case of VLQ, this final state is gener-
ated via resonant production of a single VLQ T, in the case of DM models, it
is produced in association with a scalar mediator. The considered final state
is characterized by the hadronic decay of the top quark, and the Z decay into
a couple of neutrinos or the couple production of DM particles thorough a
boson mediator.

In the selection of the event with the final state of interest a Machine Learn-
ing approch is proposed for the top quark candidate reconstruction. The
Machine Learning is used to improve the selection of the final state contein-
ing a single top quark, the hadronic top quark decay can be reconstructed
in three different and complementary ways, the ML approch can facilitate
the choice of the best one.

The search is performed with the Compact Muon Solenoid (CMS) experi-
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ment, one of the four experiments at the Large Hadron Collider (LHC), that
thanks to its high centre-of-mass energy of \/s = 13 TeV and the instanta-
neous luminosity of 10** cm™2s™!, could find evidences for VLQs and DM
production.

The analysis is performed with the CMS data taking of 2018, with different
mass hypothesis for VLQ T and for the boson that could mediate the inter-
action beetwen top quark and DM. The content of this thesis is organised in
tive chapters:

¢ Chapter|l} an introduction of the Standard Model and the open issues;

¢ Chapter 2, the description of the Large Hadron Collider and the Com-
pact Muon Solenoid experiment;

* Chapter 3, a brief introduction on the theories that predict the exis-
tence of the VLQs and the DM, and an overview on the different cur-
rent searches.

* Chapter[} the definition of the final state searched for and the descrip-
tion of the objects observed in the detector;

* Chapter 5, the description of the data sets used, the event selection
performed. Finally the fit procedure is described and the results are
presented.



Chapter 1

Standard Model of particle physics

The Standard Model (SM) is an SU(3)c® SU(2),®U(1)y quantum field the-
ory that provides precise predictions of the fundamental particles and their
interactions: electromagnetic, weak, and strong. The SM has been confirmed
by the experimental evidence collected throughout the past century in par-
ticle physics.

The development of SM has began in the last century, and one of the first
notable contribution came from Chen Ning Yan and Robert Mills[1], they
extended the concept of gauge theory for abelian groups, e.g. quantum elec-
trodynamics, to non abelian groups to provide an explanation for strong in-
teractions. During the 60s and 70s, the description of strong interaction con-
tinued to develop further thanks to contributions from Murray Gell-Mann
and George Zweig [2], who suggested the existence of quarks with differ-
ent flavours, and Moo-Young Han with Yoichiro Nambu [3|] and Oscar W.
Greenberg[4], who suggested the existence of new quantum number called
colour introducing the simmetry group SU(3).,. The description of strong
interactions in the SM reached its present form when, in 1973, David Politzer
[5] and David Gross [6] together with Frank Wilczek suggested the theory
of the asymptotic freedom of QCD.

In 1961, Sheldon Glashow [7] combined the electromagnetic and weak in-
teractions, and the unification was ultimately formalized in 1967 by Steven
Weinberg [8] and Abdus Salam [9] with the inclusion of the Higgs mecha-
nism. Over the years, the SM received other contributions aimed at the in-
clusion of the strong interaction in the Glashow, Weinberg and Salam frame-
work.

The main predictions of the SM were confirmed by measurements performed
throughout the years, which notably include the discovery of the three mas-
sive bosons (W, W~ and Z) at CERN in 1983 by the UA1 and UA2 exper-
iments [10-13]], the discovery of the top quark at Tevatron in 1994 by the
D0 and CDF experiments [14], and finally the discovery of the Higgs boson
at CERN in 2012 by the ATLAS and CMS experiments[15, 16]. Thanks also
to these compelling experimental evidences, the SM is widely accepted by
the scientific community as the main model to describe fundamental inter-
actions in particle physics. Nevertheless, it doesn’t include the gravitational
interaction, doesn’t predict neutrino masses, that are confirmed by neutrino

6
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Bosons Interaction Spin | Electric charge
Y Electromagnetic | 1 0
Wt W-,Z Weak 1 +1,-1,0
8 gluons(g) strong 1 0

Table 1.1: Standard Model mediator bosons

oscillation experiment, and the existence of dark matter and the dark en-
ergy,that is predicted by the ACDM cosmological model.

1.1 Standard Model overview

The dynamics equations for the SM are obtained from a gauge principle: a
free particle lagrangian L is requested to be invariant under a local transfor-
mation of the symmetry group:

SUB)e @ SU2), @ U(1)y
where,

e U(1)y is the unitary group, the transformation is represented by a uni-
tary scalar complex operator multiplied by its quantum number called
the weak hypercharge (Y'), and the associated vector field is called B,,;

e SU(2)L is the special unitary group with n = 2, the trasformation is
rappresented by the 2 x 2 Pauli matrices (o, 2,3) multiplied by the weak
isospin (I3), and the vector field are IV *?;

® SU(3)¢ is the special unitary group with n = 3, the transformation is
rappresented by the eight 3 x 3 Gell-Mann matrices (), s), multiplied

by the colour charge (r, g, b), and the eight vector field G ®.

To each interaction an absolute conserved quantum number and a multiplet
are associated. The components of such multiplet are called vector bosons
because they obey the Bose-Einstein statistics and they have spin equals to
one. They are also referred to as mediator bosons as they are considered the
mediators of the respective interaction. The number of the mediator bosons
is determined by the number of the generator of the symmetry group asso-
ciated to each interaction. The SM has 12 vector fields associated to the three
gauge symmetries. A list of the physical bosons is reported in table
The SM contains 12 fields with an half-integer spin, that obey the Fermi-
Dirac statistics and they are called fermions. Fermions are divided into lep-
ton and quark fields, both are listed in three families or generations. Each
generation is a doublet of particles associated to an isospin quantum num-
ber and each particle carries electroweak charge, and only the quarks have
strong charge. In table a list of SM leptons and quarks is reported.
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Particles Spin | Electric charge
v, vy vy L 0
2 1
e v T —5

Table 1.2: Standard Model leptons

Particles Spin | Electric charge
2
u c t 1 3
2
d’ s y _ %

Table 1.3: Standard Model quarks

Each lepton and quark has an associated anti-particle with the same mass
but opposite quantum numbers.

The last field in the SM is a complex scalar doublet field ¢, named Higgs field
after the physicist who predicted its existence in 1964, together with Brout
and Englert [17,18].

1.2 Quantum Electrodynamics

Quantum electrodynamics (QED) is the quantum field theory of the electro-
magnetic interaction. The Lagrangian density for the QED can be obtained
starting from the free Lagrangian density of the Dirac field 1) and imposing
its local invariance under U (1) transformation group,

£Dirac = “/_}’YM Mw - quvz_%

where the first is the kinetic term and the second is the mass term, m is
the fermion mass, y* are the Dirac matrices and 1 1 are the 4-components
spinor and its adjoint. It is worthy to precise that 1) spinor can be decompose
in term of the chiral components,

- ()

The free, i.e. non-interacting, Lagrangian density of electromagnetic field is
the lorentz-invariant

(1.1)

(1.2)

1

L, = —ZF‘“’FW,

(1.3)

where F'*" is the field strength tensor, defined by F** = 9" A” — 0" A*. It can
be obtained the free Lagrangian density for QED by adding[I.T|and

ree P - 1 v
Lhip = Lo+ Ly =W 00 — mypp — T F,. (1.4)
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This Lagrangian density describes the kinematics of a non-interacting fermion
in an electromagnetic field and it is globally invariant under a U(1), trans-
formation

Y — Y = e, (1.5)

Through Gauge principle, e.g. by imposing invariance over the local version
of the U(1) transformation above,

Y =y =@y, (1.6)

where the parameter 6, now, depends on the space-time coordinates, arise a
term of interaction beetwen fermion field and electromagnetic field

Lo = —ey" Atp = —JFA,,. (1.7)

This additive term can be reabsorbed by redefinition of the standard deriva-
tive with the covariante derivative defined as

D, =0, —ieA,, (1.8)
in a way to re-establish the invariance of Lagrangian density. The final form
of Lagrangian QED is

-7 1 174
Lopp =W (y'Dy —m)y — 1 FE,
- - 1., -
— 00 — b — TP By = e Ay,

where the fields transform under gauge transformation as

, 1
AM — AM = AN — g@,ﬁ(m)
w - w/ — e*ie(m)w.

1.3 The Electroweak theory

The first phenomenological description of the weak interaction is due to
Enrico Fermi [19], he provided a current-current lagrangian density,

Lp = EJg(:c)J“(:c), (1.9)
where G is Fermi’s constant, Gr = 1.16638 x 107° GeV 2, and J,, is the

weak current composed to leptoni current and hadronic current.
It is possible to observe weak interaction of three kinds:

* pure leptonic (e.g. = — e~ + . + 1),

— & T () OH (1)
Lp= \/56“( VO (x); (1.10)
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¢ semileptonic (e.g. n — p+e” + 1),

£r = TEUL@" @) + B ()@ (1.11)
* pure hadronic(e.g. A = p+77),
— & P (e hH (x
Lp= \/§h“( YhH (). (1.12)

These terms represent contact interactions, meaning that all particles in-
volved in the process are in same space-time point when the interaction
occurs. In the leptonic case, which only involves elementary particles, it is
possible to observed the vector and spin structure of current is of the V-A
type

M= e(x)y"(1 =" )ve(x) + p(x)yp(l = 7")v(), (1.13)
where (1 — ~°) is the left-chiral projector of Dirac field, therefore only left-
chiral particles are involved in the weak interaction. However the descrip-
tion is not complete, because it can be show the Fermi-like cross section is
divergent.

1.3.1 The GSW model

In the 60’s and 70’s Glashow, Weinberg, and Salam elaboreted the Elec-
troweak theory, unifying electromagnetic and weak interactions in the GSW
model.

The GWS theory is an improvement of Fermi’s theory, with the introduction
of an adimensional coupling constant and three intermediate vector bosons.
It is an SU(2), quantum field theory, where L stands for left-handed chiral
component.

Since the generators of SU(2);, are Pauli matrices, it is useful to adopt the
formalism of angolar momentum, therefore the particles eigenstates of weak
interaction are divided in six doublets of weak isospin with an important
difference between lepton and quark sectors.

For the lepton sector

Is = _|_1/2 Ve Vy UV,

h=-12 \) ) )
L L L

I=1/2

while, for the quark sector

[3:—'—1/2 u C t

L=-12  \a) \s) \v)
L L L

I=1/2

where d', s, b are eigenstates of weak interaction that are obtained as lin-
ear combinations of mass eigenstates, and the mixing of different states is
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regulated by the CKM matrix,

d’ d
s | =Verxm | s (1.14)
v b
Vid Vus Vb
Verm = | Vea Vs Ve | (1.15)
Via Vis Vi

where Vg s was named after Cabibbo[20]-Kobayashi-Maskawa[21] and can
be parametrized with 4 real parameters. In the so-called Wolfestein parametriza-
tion those parameters are named A, 1, p, A and the CKM matrix is written as:

1-& A AN (p—in)
Verkm = -2 — ’\72 AN2 +O\h).
AN(1 —p—in) —AN? 1

The simultaneus fit to all SM input measurements results in [22] A = 0.22453+
0.00044, that means the matrix is almost diagonal and quarks are inclined to
be associated with quarks to the same family in the interactions.

The GWS model is develped in a similar way with respect to the QED the-
ory. Appling the Gauge principle on SU(2), local transformation,

/
Vy 14

- - o

, (1.16)

where 7 are the Pauli matrices and & are the real parameters of transforma-
tion, the interaction terms can be obtained. The GSW model includes three
gauge fields, named W', W? W?, transforming as a multiplet under gauge
group, two of this can be combined together in order to obtain two vector
bosons W, that are electrically charged and can induce transitions between
the members of the weak isospin doublets. The third boson should be elec-
trically neutral and provides a Neutral current (NC) interaction analogously
to Charge Current (CC) interactions mediated by W=* bosons. Experimen-
tal evidences showed that NC interactions permit also couplings between
right-handed components, so W* is not the only component of neutral bo-
son but exists another one that admit right-handed coupling, similar to pho-
ton.

This feature can be exploited to provide an unified description of electro-
magnetic and weak forces by introducing a new SU(2), x U(1)y simmetry
group, the new U(1l)y abelian group is associated with the weak hyper-
charge (Y), and Glashow proposed that the Gell-Mann, Nishijima relation
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Particles | I | I3 | Y(W) | Q
1 1
Ve ) ) —1 0
- 1 1

e L 5 D) -1 O
€R 0 0 —2 —1
1 1 2

u 3| 3 3 3
1 1 1 1
) 13| —2 35 |73
Uup 0| 0 : 2
d’y 00| —2 |—3

Table 1.4: Weak isospin and weak hypercharge of same elemanty particles

for charges should also hold for these weak analogues, giving

Y(weak:)

2
The quantum number of same elementary particles are reported in table

6@ _ [?()weak) +

(1.17)

When the gauge principle is applied, the charged vector bosons appear as
before but there are, now, two neutral vector bosons, whose combination
will be responsible for the weak NC processes and for electromagnetism.
The covariant derivative, that is needed to be introduced in according to
Gauge principle, is

7 Y
D,=0,+ ig%Wu i =B (1.18)

2
where g and ¢’ are the coupling constants for the two interactions that are
related to G and electromagnetic coupling constant.

Neglecting the mass term for now, the electroweak Lagrangian density musts
include a Dirac term for fermions

Lfe'rmions - Z IEVHDM% (119)
f

and a term for the dynamics of the gauge boson fields

1 v i 1 v
Egauge - —ZVVZH ij - Z_]:B'LWBH y (120)

where W/ and B*” are the tensor fields,

W = "W + "W}
B = Q"B + 9" B".
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The complete Lagrangian density for the electroweak processes therefore is

= Y
Low = —ithyy" (0, + z'gg X W+ id B+

| Y TR
- ZwR’YM(aH + Zg/EBM)¢R + _ZVV;L Wp,l/ - ZLBM Buu+

+ %gEijka”WjMka + igzeijkeimnwqukVW,%Wg, (121)
where 11, and vy are the left and right-handed chiral components of the
particles, and the terms in the last line describes the three and four-point
self interactions of the vector bosons that arise because of the non-Abelian
nature of the SU(2),, group. The vector fields for the physical W, Z bosons
and for the photon can be obtain as linear combination of the four gauge
filds

1
Wt =—
SRV
Z/L = —sin QwBu -+ cos wai
A, = cosbw B, + sin QWW;:’,

(W, TiW?)
(1.22)

where 0y is the Weinberg angle and its value is not predict by SM, but it
is related to g, ¢’ and e

9

GW - /92 + g/2
e =g cosf, = gsin Oy
2
< = sin 0, ~ 0.23146 + 0.00012.
g

Here the gauge fields are all massless, while the observed W+ and Z vector
bosons have a non-zero mass, as confirmed by the UA1 and UA2 collabo-
rations. It is therefore necessary to introduce a new term for a boson field,
invariant under an SU(2); ® U(1)y transformation, that coherently repre-
sents the masses of the particles.

1.4 Spontaneous symmetry breaking and Higgs
mechanism

The simplest and most elegant way in for W* and Z to acquire mass is the
spontaneus simmetry breaking (SSB). The SSB explain such feature through
the introduction of a new particle, the Higgs boson.

The Higgs boson field is a doublet of complex scalar fields,

n ,
0 _ ¢1+ 1o (123)

¢° ¢3 + 1y
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and the associated Lagrangian density is

Lu = (D"6)} (D) = V(9) = (D (D) — 366 — M010), (124)

where V(¢) is the potential responsible for simmetry breaking and A is as-
sumed positive. Acting with on the Higgs field, it is obtain the follow
terms,

1 1 1 1
EH = (DM)T<DM¢> - §N2¢T¢ - A_L)\<¢T¢)2 - ZWMVW;W - ZBMVB;UM (125)
with
T Y
Dto = (0" + zgiW“ +ig EB“)QS (1.26)
WHY = gFW?Y — "WH — gWWH x WY (1.27)
B" = o' BY — 9 B*. (1.28)

By requiring that p*> < 0 and A > 0 the minimum of potential V (¢) is not
unique and assumes the value

(1.29)

which identified a circumference in the complex plane. Without losing gen-
erality a minimum can be chosen, among the infinite possibilities,

o= (" (1.30)
=75 ) ) .
Considering the fluctuation of the ¢ field around the vacuum, the complex
field becomes:
0
¢ = X ) (1.31)
(v + H(2))

By substitution of the in considering the expressions in leads
to

Lay = %8“H8HH — W H?
1 1
— (0., = 0,W ) ("W — 9"W™) + —g** W, W
4 8 8
— L@ oW W - w4
4 wrty 1% 8 v
1 1
- 1(8“2” —0,2,)(0"Z" — " Z") + g( 4 g* W Z,2"
1
= (0 — 0,A,) (" A — 97 A"). (1.32)
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The first line is the Lagrangian density of Higgs scalar field with m = v/2u.The
next two lines show that the components W', W? of the triplet W,, acquire

mass,
1

My =My = 5921 = Mw,

the fourth line shows the mass of the field 7
1 M,

MZ: —v /g2+g/2 —

2 cos Oy’

and the last line contains the field of the photon that not contain mass term.

1.4.1 Leptons masses

The fermion mass term

—mapy) = —m(iﬁL:ir ¢R)(1Z)L + @RZ )
= —m(YYr + YrYR + YLYR + YRYL)
is not invariant under the SU(2), ® U(1)y group because of the different
way the right- and left-handed chiral components of the fields transform.

A gauge invariant mass term with a Yukawa coupling between the fermion
field and the Higgs field can be introduced:

Ly = gs(Yrdvr)(Vroir), (1.33)
where g, is the Yukawa coupling constant. Using the term becomes

0 v
Lyzﬂ Vg,g gR €R , U ‘
ﬁ{( )<U+H) o +H)(f)] (139

gr
=2(v+ H){Ulr+ Lrlr),
\/§(U )ULlr rlL)

and the constant befor term (¢,( + (r(.) represents the mass of lepton
(%

—ar.
vz’
The mass terms do not arise from a gauge principle, the g, values is not

predict by the SM, and all of them can in fact assume different values as it is
shown by experimental evidence.

my =

1.4.2 Quarks masses

The same approch used for leptons failed with quarks masses because the
upper terms of doublets are not massless, in this case it can be written:

Ly = L L (uir, dir) dir + gi(uwir, d @ y +h
Y 9 (WiL, GiL iR T 9 (WiL, GiL UjR -C.
V2|7 v+ H ’ ’ 0 ’

(U + H) [gi“j(uiLujR + ujRuiL) + gfj(diLde + dediL>]7
(1.35)

Sl
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where u; = (u,c,t) and d; = (d, s,b), each mass term is
v

mij = =759
}}/5 (1.36)

d _ d

m;; = _Egij'

The masses matrix is not diagonal, but it can diagonalize with a series of
transformations:

UL = (Uz)aiuil/ UaRr = (Z/{}%)aiuiR
daL = (Z/{g)aidiL daR = (u]%)aidiR

where « is the index in the mass diagonal basis and i is the index in the
non-diagonal weak interaction basis.

(1.37)

1 - -

Ly = E(v + H)[m"uti + m®dd + mCcc + m®s5 + m°bb + m'tt].  (1.38)
The same transformations must to be applied to the interacting term invari-
ant under the SU(2);, ® U(1)y symmetry that still contains the eigenkets of
the weak interaction. When this operation is worked out the term of the
coupling with the Z boson, i.e. neutral current coupling term, is diagonal
also in the mass basis if the transformations of are unitary, instead the
term of the coupling with the W boson, i.e. charged current coupling term,
is

_ U,
£C’C = —i(aiL,diL)’)/MT_FW: + h.C.

V2 dir
= — LAt d W+ hee.
\/§ 1L7 iL m
_ g _ u dyt +
= e [(uL)m(uL) m] Ve W+ hc.,

aB
where V50 = [(L[ﬁ)ai (Uﬁ)}h] , the CKM matrix defined in|1.15]

(1.39)

1.5 Quantum cromodynamics

The Quantum Cromodynamics (QCD) is the non-Abelian quantum gauge
tield theory which describes the strong interactions. The simmetry group
for QCD is SU(3)c, where C stands for the charge associated with this
simmetry, named colour. The only particles color-charged fermions are the
quarks.

Due to non-Abelian nature of SU(3)¢ the generetors do not commute them-
selves, this means that in the Lagrangian density there would be a self-
interaction terms between the gauge fields, as well as for electroweak in-

teraction ((1.21).

The QCD is invariant under SU(3)¢ transformation,

W — Y = 9@ Ty, (1.40)
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where gg is the coupling constant, & are the parameters of transformation

and T are the vectors made by the eight generators of the group, which are
related to Gell-Mann 3 x 3 matrices (\?),

)\a
T = — 1.41
. (1.41)
which follows the following commutation rules
[Ta7 Tb] = ifabcTca (142)

fabe are the structure constants of the group. Since the transformation acts
on a 3-dimensional space, the 1) have three more additional degrees of free-
dom, these are rappresented as three states of colour,labelled as red, green
andblue. The SU(3)¢ local phase transformation corresponds to rotating
states in this colour space about an axis whose direction is different at every
point in space-time. The Gauge principle leads to definition of the covariant
derivative:

D, = 0, +1igsTuG}, (1.43)

where G, are the eight gluon fields, that transform as:
Go — G = G+ igs [0y (2) Gep- (1.44)

From these, by adding the contributions of gluons, the complete Lagrangian
density for QCD is obtained:

7 7 . 7 >\a a 1 vYa
Lacp = 07O — munp — igs ZGy — GG, (145)

where G*¥ is the tensor field defined as
GH = O'GY + 0"GY — gs fape GM*G*“.

The QCD theory exhibits two relevant properties that significantly differen-
tiate it from the electroweak theory: colour confinement and asymptotic free-
dom.

Both these properties derive from experimental evidence and are success-
fully described in the context of the SM explanation of the strong interac-
tions.

The latter property has been formulated to deal with the experimental ev-
idence that no coloured hadron is observed in Nature. Hadrons are inter-
preted in the QCD parton model as bound states of quarks, and they must
be colour singlets. This imposes restrictions on the types of quark bound
state configurations can exist. All this can be summarized by saying that
the quark colour degree of freedom must be confined.

The asymptotic freedom can be explained by looking at the running cou-
pling constant form of strong interactions,

as(p?)
Lt as (i) g in (15 |

(1.46)

CVstrong ( | q2 | ) =
[ 127 o
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where |¢?| is the transferred 4-momentum, yx is a scale parameter for the
strength of the coupling, Ny is the number of fermions capable of strong
interactions at the scale considered. It can be observed from that ag de-
creases when |¢?| increases, in particular for |¢?| ~ 200M eV its value is large
enough that any perturbative approch cannot be applied. In this transferred
momentum range the calculations are carried on with other approches, one
of the most famous being the lattice QCD [23].

1.6 Unsolved issues of Standard Model

The SM succeeds in giving an exhaustive explanation of the three funda-
mental interactions: electromagnetic, weak, and strong. The electroweak
theory successfully predicts the existence and the features of the weak neu-
tral and charged currents, the existence and masses of the W and Z bosons.
Another great success of the SM is the prediction of the existence of the
Higgs boson, which is the last experimental validation of the electroweak
theory. The discovery of charm quark, as required by the GIM mechanism,
is another important experimental validation of the SM. Finally, the exis-
tence of the top quark, and the precise measurement of its mass has also
been crucial to confirm the predictions of the SM, as its contributions to ra-
diative corrections, driven by its large mass, which are a further validation
of the mathematically-consistence of renormalizable field theory. Despite
all of this compelling evidence, the SM model fails in giving explanation of
many other phenomena, for example the original formulation did not pro-
vide for massive neutrinos, which are expected for the evidences of neutrino
oscillation phenomena. Some notable criticality still subject to studies are:

¢ Gravity, the SM doesn’t include in any way General Relativity;

* Hierarchy in fermion masses, the masses of known fermions vary on
5 orders of magnitude, between the top quark and the electron, and
even less clear is the mass hierarchy of neutrinos, which are many
orders of magnitude lighter still. There is no explanation or prediction
of fermion masses that occur in a hierarchical pattern.

* matter-antimatter asymmetry, the SM CP-violation in quark sector
and lepton sector are not sufficient to justify the observed matter - an-
timatter asymmetry in the universe;

¢ Flavour Changing Neutral Current (FCNC), the SM doesn’t predict
the observed suppression of flavour changing due to neutral current,
as supposed by Glashow, Iliopulos and Maiani (GIM mechanism). Also
the presence of only three families of quarks and leptons is not specif-
ically predicted by the SM;

* Higgs mass fine-tuning, the tree-level (bare) Higgs mass receives cor-
rections from fermion loop diagrams which are quadratically-divergent
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and that are not cancelled by the boson loop diagrams. A precise tun-
ing between fermions and scalars, known as fine-tuning, is required in
order to cancel divergencies. In general, there is a tendency to natural-
ness of the theory, e.g. all parameters included in the theory have to
be of the same order of magnitude, this tendency is opposite to fine-
tuning approch, so one can propose ways to remedy the fine-tuning,
which usually requires adding new particles manually;

¢ Dark Energy and Dark Matter, from astophysical observations there’s
evidences according to the Universe is made up only for the 5% of or-
dinary matter. The rest of the Universe is composed partially by the
so-called Dark Matter, which constitutes 24% of the universe, while the
remaining 71% is ascribed to a constant vacuum energy called Dark En-
ergy. The existence of the Dark Energy would account for cosmolog-
ical observations, in particular for the red shift measurement, which
through it is discovered that the Universe is accelerated.



Chapter 2
CMS experiment at LHC

The Compact Muon Solenoid (CMS) is one of the main experiments at CERN’s
Large Hadron Collider (LHC). The acronym CERN stands for Conseil européen
pour la recherche nucléaire, it is a European research organization, whose main
site is located near Geneva, that operates the largest particle physics labo-
ratory in the world. It was established in 1954, today it counts 23 Member
States, and the name changed in Organisation Européenne pour la Recherche
Nucléaire, although it has been decided that the acronym remains CERN.

2.1 Large Hadron Collider

The Large Hadron Collider [24] is the World’s largest and most complex ac-
celerator. It is a two-ring-superconducting-hadron accelerator and collider
installed in the existing 26.7km tunnel that was constructed between 1984
and 1989 for the CERN Large Electron Positron accelerator.
The aim of the LHC is to reveal the physics beyond the Standard Model
emerging from proton-proton collisions at centre-of-mass collision energies
of up to 14 TeV. The number of events per second generated in the LHC
collisions is given by:

Nevent - Laeventa (21)

where ents is the cross section for the process under study and L the ma-
chine luminosity. The luminosity depends only on the beam parameters
and, for a Gaussian beam distribution in the two axes orthogonal to the
beam direction, can be written as:

NE frewy
L=t 2.2
4dme[5* 2:2)

where:
* N, is the number of particles per bunch;
* 7, is the number of bunches per beam;

* frev is the revolution frequency;

20
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Parameter Value
N, 1.15 x 101
Ny 2256
epsilon[um] 2
beta|cm) 30 —25
F 0.6

Table 2.1: The LHC parameters value

e 1, is the relativistic Lorentz factor (ﬁ) ;

2

® ¢is the normalized transverse beam emittance;

¢ [3*is the beta function at the collision point, it is a measure of how nar-
row the beam is at the interaction point, that could be seen as product
of two separate function sigma; and o, beam sizes in the horizontal
and vertical plane divided by -

¢ Fisthe geometric luminosity reduction factor due to the crossing angle
at the interaction point (IP):

Hco_z 2\ 2
F=11
( * ( 20* ) > ’
where 0. is the full crossing angle at the IP, o, the RMS bunch length,
and o* the transverse RMS beam size at the IP.

Table 2.1 report the design values of the LHC beam parameters of the 2018
Data taking [25].The design luminosity of LHC is 103*cm 257!, however the
peak luminosity achieved so far has been 2 x 103c¢m™2s! reached in sev-
eral data taking periods of 2018. In fig. 2.1]it is compared with the values
reached between 2011 and 2018. Margins in the design of the nominal LHC
are expected to allow about two times the nominal design performance. The
schedule for next years is summarised in fig.

The LHC tunnel is located between 45 and 170 meters below the surface,
crossing the border between France and Switzerland, and it is connected
to the CERN accelerating complex by two tunnels. The CERN accelerating
complex is made up of several steps represented schematically in fig.
The proton source used is an hydrogen gas bottle, the electrons of hydrogen
atoms are stripped through an electric field, providing protons for injection
in the accelaration complex:

* Linac2, a linear accelerator, that can accelerate protons up to 50 MeV;

* Proton Synchrotron Booster (PSB), which accelerates protons to 1.4 GeV;
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Figure 2.1: Evolution of the LHC peak luminosity between 2011 and 2018
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* Proton Synchrotron (PS), which increases the protons energy to 25 GeV;

* Super Proton Synchrotron (SPS), last step before LHC , that pushes the
beam to 450 GeV.

The protons are injected in LHC where the two beams travel in opposite di-
rections, in two different beam pipes. In the LHC anular ring the beams are
guided through the structures and are accelerated using a strong magnetic
field, realized with superconducting electromagnets.

After reaching the target energy, beams are collided in four point where the
four main experiments are located:

o ALICE (A Large Ion Collider Experiment) is a general-purpose heavy-
ion detector. It is designed to address the physics of strongly interact-
ing matter and the quark-gluon plasma at extreme values of energy
density and temperature in nucleus-nucleus collisions. The energy in
center-of-mass per nucleon pair is 2.76 GeV;

* ATLAS (A Toroidal LHC ApparatuS) is a general-purpose detector that
aims at studyng a vast array of phenomena, designed for precision
measurements of SM, the search and the study of Higgs boson, and
searches for new physics. It is 46 m long and has a 25 m diameter and
it is the biggest experiment at LHC;

¢ CMS (Compact Muon Solenoid)is also a general-purpose detector, shar-
ing the same goals as ATLAS but designed with different technologies.
It is described in section

e LHCb (LHC beauty) is dedicated to heavy flavour physics. Its primary
goal is to look for indirect evidence of new physics in CP violation
and rare decays of beauty and charm hadrons. It is the only one out
of the four main experiment that works with asymmetric beams: one
is at the LHC full energy (up to 7 TeV) and the other is at the injection
energy (450 GeV).

2.2 CMS experiment

CMS [27] is a general-purpose detector at the Large Hadron Collider (LHC).
It has a broad physics programme ranging from studying the Standard Model
to searching for extra dimensions and particles that could make up dark
matter. An unusual feature of the CMS detector is that instead of being
built in-situ like the other giant detectors of the LHC experiments, it was
constructed in 15 sections at ground level before being lowered into an un-
derground cavern near Cessy in France and reassembled.

The detector is built around a huge solenoid magnet, from which it takes
the name. The magnet is a cylindrical coil of superconducting cable that
generates a field of 3.8 T. The field is confined by a steel yoke that forms the
bulk of the detector.
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Figure 2.4: Schematic view of CMS sub-detectors [28]].

Figure 2.5: The coordinate system of CMS [27].

CMS has a complex system of sub-detectors, as can be seen in fig. 2.4} that al-
lows to identify different particles with an high momentum resolution on a
wide energy and angular coverage. It has a component coaxial to the beam,
named Barrel, and two components to close it from each side, named End-
caps. CMS has a cylindrical symmetry and it is 21.6 m long with a diameter
of 14.6 m and a total weight of about 14500 tons.

Fig. 2.5 shows the CMS coordinates system used to describe the detector
and in the reconstruction of the tracks of particles. The coordinates system
used to describe the detector is a right-handed Cartesian frame, centered in
the IP, with x-axis points towards the center of LHC ring and z-axis along
the beam direction toward the Jura mountains from LHC Point 5, also re-
ferred to as longitudinal direction. The y-axis is vertical and pointing up-
wards. The x-y plane is referred to as transverse plane. However, given the
cylindrical symmetry of the CMS design and of the underlying physics, the
physics objects are described in a cylindrical coordinate system (r, ¢, 6):

¢ ris the distance from z-axis;
* ¢ is the azimuthal angle in the transverse plane, with ¢ = 0 at x-axis;

¢ ( is the polar angle, measured from z-axis towards x-y plane.
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Instead of using 6, it is convenient to use the pseudorapidity n, which is de-

77 a .

Using (¢, n) parameters, a distance between two particle directions can be
defined as:

AR = \/(A¢)? + (An)>.

Referring to the Cartesian system, the momentum of a particle is usually
divided in two components, the longitudinal momentum p, and the trans-
verse momentum p, defined as:

= .+ Pyt

The curvature in x-y plane, due to the magnetic field, allows for measure-
ment of the particles pr. It can be defined, for a particle of energy E, a

variable called rapidity:
Y=\ EC D, )’

this variable, for an ultrarelativistic particle, can be approximated by the
pseudorapidity. The differences in rapidity (Ay) and pr are used because
the centre-of-mass of parton-parton collisions can be boosted along the z di-
rection; both these quantities have invariance properties under this kind of
boost.

In the next subsections the CMS sub-detector systems are described, starting
from the IP and going outwards, that consists of: the inner tracking system,
the electromagnetic calorimeter, the hadron calorimeter, the superconduct-
ing magnet, and, finally, the iron return yoke interspersed with muon cham-
bers.

2.2.1 The tracking system

The inner tracking system of CMS is designed to provide a precise and effi-
cient measurement of the trajectories of charged particles emerging from the
LHC collisions, as well as a precise reconstruction of secondary vertices. It
surrounds the interaction point and has a length of 5.8 m and a diameter of
2.5 m. The CMS solenoid provides a homogeneous magnetic field of 3.8 T
over the full volume of the tracker.

The CMS tracker is composed of a pixel detector with three barrel layers at
radii between 4.4 cm and 10.2 cm and a silicon strip tracker with 10 barrel
detection layers extending outwards to a radius of 1.1 m. Each system is
completed by Endcaps which consist of 2 disks in the pixel detector and 3
plus 9 disks in the strip tracker on each side of the barrel, extending the ac-
ceptance of the tracker up to a pseudorapidity of || < 2.5.

With about 200 GeV? of active silicon area the CMS tracker is the largest
silicon tracker ever built [29| 30].
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2.2.2 The electromagnetic calorimeter

The electromagnetic calorimeter of CMS (ECAL) is a hermetic homogeneous
calorimeter made of 61200 lead tungstate (PbWW O,) crystals mounted in the
central barrel part, closed by 7324 crystals in each of the two Endcaps. The
characteristics of the PbW O, crystals [31] make them an appropriate choice
for operation at LHC. The high density(8.28 g/cm? ), short radiation length
(0.89 cm) and small Moliére radius (2.2 cm) result in a fine granularity and
a compact calorimeter.

The scintillation decay time of these production crystals is of the same or-
der of magnitude as the LHC bunch crossing time: about 80% of the light is
emitted in 25 ns.

The barrel part of the ECAL (EB) covers the pseudorapidity range || <
1.479, occupies a volume of 8.14m? and its weight is 67.4 tons.

The Endcaps (EE) cover the rapidity range 1.479 < |n| < 3.0, occupy a vol-
ume of 2.90 m? and the weight is 24.0 tons.

The energy resolution of the ECAL of CMS is:

2 2. 2 12\?
(%) _ <%;70) +(%) + (0.30%),
with F in GeV'.

2.2.3 The hadron calorimeter

The CMS detector is designed to study a wide range of high-energy pro-
cesses involving diverse signatures of final states. The hadron calorimeters
(HCAL) are particularly important for the measurement of hadron jets mo-
menta and neutrinos or exotic particles resulting in apparent missing trans-
verse energy.

The hadron calorimeter barrel and Endcaps sit behind the tracker and the
electromagnetic calorimeter as seen from the IP. The hadron calorimeter
barrel is radially restricted between the outer extent of the electromagnetic
calorimeter (r = 1.77 m) and the inner extent of the magnet coil (r = 2.95 m).
This constrains the total amount of material which can be put in to absorb
the hadronic shower. Therefore, an outer hadron calorimeter or tail catcher
is placed outside the solenoid complementing the barrel calorimeter. Be-
yond |n| = 3, the forward hadron calorimeters placed at 11.2 m from the IP
extend the pseudorapidity coverage down to || = 5.2 using a Cherenkov-
based, radiation-hard technology.

Since the calorimeter is inserted into the ends of a 3.8 T solenoidal mag-
net, the absorber must be made from a non-magnetic material. It must also
have a maximum number of interaction lengths to contain hadronic show-
ers, good mechanical properties and reasonable cost, leading to the choice
of C26000 cartridge brass. The properties of this material are reported in
table
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Properties of C26000
Chemical composition 70% Cu, 30% Zn
Density 8.53 g/cm?
Radiation length 1.49 cm
Interaction length 16.42 cm

Table 2.2: Physical properties of the HCAL brass absorber, known as
C26000/ cartridge brass.

The energy resolution of the HCAL of CMS is:

(%)2 = (%)2 + (7.40%),

with £ in GeV'.

2.24 The superconducting magnet

The superconducting magnet [32] embraces the tracker detector and the
calorimeters. It provides a magnetic field of 3.8 T and it is composed by a
superconducting coil. The magnet’s goal is to curve the particles produced
in the collisions to measure their charge and momentum. Thanks to the
iron Return Yoke, border effect are avoided. Moreover the yoke introduces
a 1.8 T approximately constant field outside the magnet. The yoke is made
up of alternating layers interspersed with the muon detectors.

2.2.5 The muon system

Muon detection is a powerful tool for recognizing signatures of interesting
processes over the very high background rate expected at the LHC at design
luminosity luminosity.

The muon system [33]] is of central importance to CMS because in many
physics processes muons result to be object reconstructable in the final, there-
fore precise and robust muon measurement could be used to distinguish
interesting processes from backgrounds. The CMS muon system has 3 func-
tions: muon identification, momentum measurement and triggering. Good
muon momentum resolution and trigger capability are enabled by the high-
tield solenoidal magnet and its flux-return yoke. The latter also serves as a
hadron absorber for the identification of muons.

CMS uses 3 types of gaseous particle detectors for muon identification. Due
to the shape of the solenoid magnet, the muon system was naturally driven
to have a cylindrical, barrel section and 2 planar Endcap regions. Because
the muon system consists of about 25 x 10* m? of detection planes, the muon
chambers had to be inexpensive, reliable, and robust.
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In the barrel region, where the neutron-induced background is small, the
muon rate is low, and the 3.87" magnetic field is uniform and mostly con-
tained in the steel yoke, drift chambers with standard rectangular drift cells
are used. The barrel drift tube (DT) chambers cover the pseudorapidity re-
gion |n| < 1.2 and are organized into 4 stations interspersed among the
layers of the flux return plates. The first 3 stations each contain 8 chambers,
in 2 groups of 4, which measure the muon coordinate in the » — ¢ bend-
ing plane, and 4 chambers which provide a measurement in the z direction.
The fourth station does not contain the z-measuring planes. The 2 sets of
4 chambers in each station are separated as much as possible to achieve
the best angular resolution. The drift cells of each chamber are offset by a
half-cell width with respect to their neighbour to eliminate dead spots in
the efficiency. This arrangement also provides a convenient way to measure
the muon time with excellent time resolution, using simple mean timer cir-
cuits, for efficient, standalone bunch crossing identification. The number of
chambers in each station and their orientation were chosen to provide good
efficiency for linking together muon hits from different stations into a single
muon track and for rejecting background hits.

In the 2 Endcap regions of CMS, where the muon rates and background
levels are high and the magnetic field is large and non-uniform, the muon
system uses cathode strip chambers (CSC). With their fast response time, fine
segmentation, and radiation resistance, the CSCs identify muons between
|n| values of 0.9 and 2.4. There are 4 stations of CSCs in each Endcap, with
chambers positioned perpendicular to the beam line and interspersed be-
tween the flux return plates. The cathode strips of each chamber run radially
outward and provide a precision measurement in the » — ¢ bending plane.
The anode wires run approximately perpendicular to the strips and are also
read out in order to provide measurements of 7 and the beam-crossing time
of a muon. Each 6-layer CSC provides robust pattern recognition for re-
jection of non-muon backgrounds and efficient matching of hits to those in
other stations and to the CMS inner tracker. Because the muon detector
elements cover the full pseudorapidity interval |n| < 2.4 with no accep-
tance gaps, muon identification is ensured over the range corresponding to
10° < 6 < 170°. Offline reconstruction efficiency of simulated single-muon
samples is typically 95 — 99% except in the regions around || = 0.25 and
0.8 (the regions between 2 DT wheels) and |n| = 1.2 (the transition region
between the DT and CSC systems), where the efficiency drops. Negligible
punchthrough reaches the system due to the amount of material in front of
the muon system, which exceeds 16 interaction lengths.

Due to multiple-scattering in the detector material before the first muon sta-
tion, the offline muon momentum resolution of the standalone muon sys-
tem is about 9% for small values of 7 and p for transverse momenta up to
200 GeV. At 1 TeV the standalone momentum resolution varies between
15% and 40%, depending on |7|. A global momentum fit using also the in-
ner tracker improves the momentum resolution by an order of magnitude at
low momenta. At high momenta (1 TeV) both detector parts together yield
a momentum resolution of about 5%. Note that the muon system and the
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Figure 2.6: Architecture of Livel-1 Trigger [27].

inner tracker provide independent muon momentum measurements; this
redundancy enhances fault finding and permits cross-checking between the
systems. A crucial characteristic of the DT and CSC subsystems is that they
can each trigger on the pr of muons with good efficiency and high back-
ground rejection, independent of the rest of the detector. The Level-1 trigger
pr resolution is about 15% in the barrel and 25% in the Endcap.

Because of the uncertainty in the eventual background rates and in the abil-
ity of the muon system to measure the correct beam-crossing time when
the LHC reaches full luminosity, a complementary, dedicated trigger sys-
tem consisting of resistive plate chambers (RPC) was added in both the barrel
and Endcap regions. The RPCs provide a fast, independent, and highly-
segmented trigger with a sharp pr threshold over a large portion of the
rapidity range (|n| < 1.6) of the muon system. The RPCs are double-gap
chambers, operated in avalanche mode to ensure good operation at high
rates. They produce a fast response, with good time resolution but rougher
position resolution than the DTs or CSCs. They also help to resolve ambigu-
ities in attempting to make tracks from multiple hits in a chamber. A total of
6 layers of RPCs are embedded in the barrel muon system, 2 in each of the
first 2 stations, and 1 in each of the last 2 stations. The redundancy in the
first 2 stations allows the trigger algorithm to work even for low-p; tracks
that may stop before reaching the outer 2 stations. In the Endcap region,
there is a plane of RPCs in each of the four stations in order for the trigger
to use the coincidences between stations to reduce background, to improve
the time resolution for bunch crossing identification, and to achieve a good
pr resolution.

Finally, a sophisticated alignment system measures the positions of the muon
detectors with respect to each other and to the inner tracker, in order to op-
timize the muon momentum resolution.

2.2.6 The trigger system

The LHC provides proton-proton and heavy-ion collisions at high interac-
tion rates. For protons the beam crossing interval is 25 ns, corresponding to
a crossing frequency of 40 MHz. Depending on luminosity, several collisions
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occur at each crossing of the proton bunches (approximately 20 simultane-
ous pp collisions at the nominal design luminosity of 10** cm~2s™!). Since
it is impossible to store and process the large amount of data associated
with the resulting high number of events, a drastic rate reduction has to be
achieved. This task is performed by the trigger system, which is the start of
the physics event selection process. The rate is reduced in two steps called
Level-1 (L1) Trigger [34] and High-Level Trigger (HLT) [35]], respectively. The
Level-1 Trigger consists of customdesigned, largely programmable electron-
ics, whereas the HLT is a software system implemented in a filter farm of
about one thousand commercial processors. The rate reduction capability is
designed to be at least a factor of 10° for the combined L1 Trigger and HLT.
The design output rate limit of the L1 Trigger is 100 kHz, which translates
in practice to a calculated maximal output rate of 30 kHz, assuming an ap-
proximate safety factor of three.

The L1 Trigger uses coarsely segmented data from the calorimeters and the
muon system, while holding the high-resolution data in pipelined memo-
ries in the front-end electronics. The HLT has access to the complete read-
out data and can therefore perform complex calculations similar to those
made in the the analysis off-line software if required for specially inter-
esting events. For reasons of flexibility the L1 Trigger hardware is imple-
mented in FPGA technology where possible, but ASICs and programmable
memory lookup tables (LUT) are also widely used where speed, density
and radiation resistance requirements are important. A software system,
the Trigger Supervisor, controls the configuration and operation of the trig-
ger components. The L1 Trigger has local, regional and global components.
At the bottom end, the Local Triggers, also called Trigger Primitive Gen-
erators (TPG), are based on energy deposits in calorimeter trigger towers
and track segments or hit patterns in muon chambers, respectively. Re-
gional Triggers combine their information and use pattern logic to deter-
mine ranked and sorted trigger objects such as electron or muon candidates
in limited spatial regions. The rank is determined as a function of energy
or momentum and quality, which reflects the level of confidence attributed
to the L1 parameter measurements, based on detailed knowledge of the de-
tectors and trigger electronics and on the amount of information available.
The Global Calorimeter and Global Muon Triggers determine the highest-
rank calorimeter and muon objects across the entire experiment and transfer
them to the Global Trigger, the top entity of the Level-1 hierarchy. The latter
takes the decision to reject an event or to accept it for further evaluation by
the HLT. The decision is based on algorithm calculations and on the readi-
ness of the sub-detectors and the DAQ, which is determined by the Trigger
Control System (TCS). The Level-1 Accept (L1A) decision is communicated
to the sub-detectors through the Timing, Trigger and Control (TTC) system.
The architecture of the L1 Trigger is depicted in fig. The L1 Trigger has
to analyse every bunch crossing. The allowed L1 Trigger latency, between
a given bunch crossing and the distribution of the trigger decision to the
detector front-end electronics, is 3.2 us. The processing must therefore be
pipelined in order to enable a quasi-deadtimefree operation. The L1 Trig-



2.2. CMS experiment 31

ger electronics is housed partly on the detectors, partly in the underground
control room located at a distance of approximately 90 GeV from the exper-
imental cavern.



Chapter 3

BSM physics with single top quark

As discussed in section the SM does not provide an explanation for all
observed phenomena in high energy physics. Several promising theories
have been developed to provide explanations in scenarios where the SM
fails to provide predictions, and foresee the existence of new particles in the
LHC energy reach. Many theories that aim at solving the hierarchy prob-
lem and realizing the naturalness, predict the existence of new particles, the
Vector Like Quarks (VLQs) [36] .

Another argument supporting the idea that new particles beyond the SM
might exist arises from astrophysical measurements, such as the rotational
speed of stars in galaxies and gravitational lensing. These observations
point to the existence of non-light-emitting matter, a dominant fraction of
which is of non-baryonic form, usually referred to as Dark Matter (DM).
Even if there are no viable candidates in the SM for particles which could
explain DM, pp collisions at the Large Hadron Collider (LHC) may possi-
bly produce new particles that couple both to SM particles and to these DM
candidates.

In this chapter we will describe the phenomenology of VLQs, in particular
the VLQ named T, and of Dark Matter.

3.1 Vector-Like Quarks

Vector-like quarks are hypothetical spin 1/2 particles that transform as triplets
under the colour gauge group and whose left- and right-handed compo-
nents have the same colour and electroweak quantum numbers.

VLQ:s are the simplest example of coloured fermions still allowed by exper-
imental evidence after the discovery of the Higgs boson. Extra quarks with
chiral couplings, such as fourth generation quarks, are now in fact excluded
[37] by the recent measurements of Higgs-mediated cross sections, when
combined with direct searches at the LHC [38) 39].

VLQs, on the other hand, do not receive their masses from Yukawa cou-
plings to a Higgs doublet, and are consistent with existing Higgs data.
Secondly, they can mix with the Standard Model (SM) quarks and thereby
modify their couplings to the Z, W, and Higgs boson. Indeed, the addition of

32
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VLQ:s to the SM is the simplest way of breaking the GIM mechanism, giving
rise for example to tree-level flavour-changing neutral currents and poten-
tially striking new effects in low energy physics, none of which have been
observed, however. In this respect, new VLQs also introduce new sources
of CP violation, as it typically occurs in most SM extensions.

In the third place, they can be analysed in a model-independent approach
in terms of just a few free parameters.

Finally, VLQs at the TeV scale are strongly motivated by at least two theoret-
ical ideas: they are required if the Higgs is a pseudo-Goldstone boson to in-
duce electroweak breaking and explain the observed lightness of the Higgs
[40,41], and they emerge as fermion resonances in the partial-compositeness
theory of flavour [42].

Due to the large Yukawa coupling of the top quark, both mechanisms give
rise to a sizable mixing of the new quarks with the third family of SM
quarks, hence the name top partners. Of course, VLQs do arise in all ex-
plicit models that implement these ideas, such as little Higgs and composite
Higgs models, a brief description of which will be reported in the next sub-
section[3.1.1} They also appear in any model with quarks propagating in the
bulk of extra dimensions and in grand unified and string theories based on
the group Ej [43], although in this case they are not guaranteed to be near
the TeV scale.

3.1.1 Composite Higgs models

In 1984 Georgi and Kaplan proposed the Composite Higgs Model [44], in
which the Higgs boson is a composite pseudo Nambu-Goldston Boson (pNGB),
therefore it is a bound state of a new strong interaction. The Higgs particle
is realized as a pNGB associated to the breaking SO(5) — SO(4) at a scale
f > v, where v is the vacuum expectation value, this is usually referred as
minimal extension since it adds only one field in the scalar sector. The SO(5)
symmetry has to be extended to the top quark sector by adding new vector-
like quarks in order to reduce the UV sensitivity of m,, to the top quark loop.
In principle new heavy vectors should also be included in order to cut-off
the gauge boson loops, however here only the quark sector will be studied
because the dominant contribution comes from the top.

Considering the vector ¥, of SO(5) as an extension of the SM left handed
doublet gy, for the third generation of quarks, it is possible to report a general
model. The full fermionic content of the third quark generation is now:

t X5/3 X5/3
\I]L: q = aX: 7T 7tR7XR: 7TR'
b X ; X R

The SM gauge group GSM = SU(2);, x U(1) is here given by SU(2),, and
the 73 of SU(2)g of the subgroup SO(4) = SU(2), x SU(2)g C SO(5), since
SO(5) breaks up as (2,2) + 1 under a SU(2),, x SU(2)g transformation. The
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right handed states have been introduced to give mass to the new fermions
and their hypercharges have been fixed to obtain the correct electric charges.
The Yukawa Lagrangian of the fermion sector consists of an SO(5) symmet-
ric mass term (this guarantees the absence of quadratic divergences in the
contribution to m;,) for the top and the most general (up to redefinitions)
gauge invariant mass terms for the heavy X and T~

Etop = Al\i’LgZﬁtR + )\QfTLTR + AngLtR + MXXLXR + h.C.,

where )\ 53 are the coupling constants, ¢ is is the scalar 5-plet containing
the Higgs Field and My is the mass of the heavy X quark.

Since ¢ = , the previous Lagrangian becomes:
HC

‘Ctop == QLHC(AttR + )\TTR) + XLH(/\ttR + )\TTR)
+ MTTRTL + MxXLXR + h.c.

Through diagonalization of the mass matrix we obtain the physical fields.It
can be check the cancellation of the quadratically divergent contribution to
my, through the introduction of the VLQs considering the potential:

V = M¢? — f2)2 — Af2¢* + Bf3¢s,

where ¢ are the first four components of ¢. The Higgs boson mass can be
shown to be controlled by the A parameter, that is by the SO(5)-breaking
term, m;, = 2v\/A for big \. This is reasonable since if SO(5)-symmetry is
not broken, the Higgs particle would be a massless Goldstone boson. Setting
v = 0, the divergent part of the one loop correction to A could be written as:

1272, ( M2
_64f2 ¥ (—X — A+ ) — mg) In \?
T

5A = I

2
t

It is shown that there is no quadratic divergence and the two mass of the
VLQs, Mx and My , could be seen as the cut-off A in the original top-
loop contribution. However, the two masses can not be too much above
2 TeV, or the logarithmic term could produce a émy, of the same order of
the weak-scale expectation value v, and therefore the naturalness problem
is not solved.

This simplified model introduces the VLQs [45], but often models like it fail
to explain the fermion masses origin or they do not pass the electroweak
precision tests. The Composite Higgs are not only ones theories that predict
the VLQs in the Composite scenario. The Composite Top theories, in a sim-
ilar way, suppose that the top quark is a composite state. The SM particles,
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X | +5/3
T|+2/3
B|-1/3
Y | -4/3

Table 3.1: Charge assignment for VLQs.

thanks to a new strong sector, get their masses by mixing themselves with
composite states. The top quark, due to its large mass, could show the prop-
erties of Compositeness, having a sizeable admixture of the composite state.
The electroweak precision tests further models of right-handed composite
top quark models.

3.1.2 Phenomenology of VLQs

The new vector-like quarks, which are presented in table 3.1 with their elec-
tric charges, coupling to the SM ones with renormalisable couplings can
only appear in seven gauge-covariant multiplets with definite SU(3)c X
SU(2)r, x U(1)y quantum numbers:

singlets TB’R B%R
doublets (X, TO)LR (T°,B°)r (B%Y)Lr
triplets (X, T° B°)r (T°,B°Y)LR,

where T, and T, are the left- and right- handed components, while the su-
perscript 0 indicates weak eigenstates. The weak and the mass eigenstates
for X and Y coincide, since they cannot mix with the SM quarks due to their
exotic charges.

When the new fields 77, are added to the SM lagrangian, the up-type eigen-
states (u, ¢, t,T') can contain components of the new fields, changing the cou-
pling of the quarks to the Z boson. However, the mixing is proportional to
the ratio between the mass of the SM quark and the VLQ, and this allow
to consider the VLQs mixing only with the third generation quarks, being
mq/my o negligible for the first two generations. The top quark, thanks
to these considerations and to its large Yukawa coupling, is linked to new
physics, related with electroweak symmetry breaking and the fermion mass
hierarchy.

The signatures of VLQs have been analyzed both in model independent and
in specific model-dependent scenarios. For the latter case, the possibility of
flavour changing neutral currents processes for VLQs interactions leads to
a wide range of potential final states, being sought after at the LHC.
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Figure 3.1: Feynman diagrams for single production of Vector-like quarks T.

Production mechanism

The VLQs production cross section in pp collisions strongly depends on
their mixing with SM quarks, particularly on the square of the couplings to
the W or Z bosons. The production mechanisms of VLQ can be divided into

¢ the single production, via electroweak processes. The single produc-
tion process depends on the fermion mass, on the mixing parameters
with SM particles and on the couplings between the new quarks and
the W and Z bosons:

qq’qu V=W,2Z

Due to the small masses of the light quarks, the contributions of the
Higgs bosons are always suppressed.

In fig. 3.1 is shown the single electroweak interaction mediated by a
vector boson in association with a SM quark and the one mediated by
SM quark in association with a vector boson.

¢ The pair production is dominated by QCD processes via gluons. Since
the cross section of this kind of process only depends on the mass of
the new fermion, it is model independent and it decreases for higher
masses due to PDF suppression. The process of pair production through
QCD interactions is completely analogous to pair production of SM
top quarks, and only depends on «s and the mass of the heavy quark:

99,90 - QQ  Q=T,B,XY.

A small contribution of electroweak gauge bosons, subleading in terms
of cross section, is still present. This contribution leads to interesting
channels when the production is reached trought charged current pro-
cess:

¢ - W' —=TX,BT,YB

g - W~ = TX, BT,YB.
However, the electroweak cross sections are strongly suppressed for
large masses and their effects on the search strategies can be safely ne-

glected. Rather than the pair production due to QCD interactions, the
cross sections of electroweak pair production are model-dependent as
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Figure 3.2: Feynman diagrams for pair production of Vector-like quarks T
[36].

mg (GeV)
Figure 3.3: Production cross section for Vector-Like Quarks in pp collisions
at /s = 13TeV as a function of their mass, for pair production and for
single production in different channels. The black dashed line represents
VLQ pair production, while the colored lines represent the singly produced
VLQs. The dashed coloured lines correspond to the values of cross section
excluded by previous studies [36]].

they depend on the representation the VLQ belong to. Another rele-
vant electroweak production process is mediated by the Z or Higgs in
the t-channel and is represented by the production of a pair of VLQ,
QQ'. This process is completely absent in QCD and, depending on
subsequent decays, it can give rise same-sign dileptons or to the fol-
lowing final states: 77, BB, XB, TB, TY with peculiar kinemat-
ics. Some Feynman diagrams for pair production of T can be seen

in fig.

The dependence of the pair production and the single production cross sec-
tions on the energy is illustrated in fig. The plot shows that pair pro-
duction processes are the dominant ones for masses below mg ~ 800 —
1000 GeV, while they becomes less important for higher masses due to their
phase-space suppression.

Decay mechanism

Vector-like quarks can decay through electroweak interactions into SM par-
ticles, also trought flavour-changing neutral currents process since they break
the GIM mechanism, or into other VLQs. Considering the the decay chan-
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Singlets | decay modes
X Wt
T Wb, Ht, Zt
B W=b, Hb, Zb
Y W=b

Table 3.2: Allow decay modes for Vector-like singlets.

nels into SM particles, the main allowed channels are:

T — Wb, Zt, Ht
B — W~t, Zb, Hb
X = Wt
Y — Wb.

The branching ratio of T and B are different in the three scenarios of multi-
plets.

For the isospin singlets T and B all three decays are possible, the branch-
ing ratios for the three channels depend on the mass of VLQ and are not
inter-dependent:

Br(Q — Qq') + Br(Q — Zq) + Br(Q — Hq) = 1,

where (Q,q,q¢°) = (T,t,b), (B, b,t).

The scenario is different for the isospin doublets and triplets. First of all,
looking at the small mass difference beetwen VLQs, the decays to other
VLQ are usually suppressed for doublets and triplets, impling that the only
allowed decays are into vector bosons and the Higgs boson plus a t or b
quark. The decays of the doublet (7', B) depend on the mixing factor of
the extended CKM matrix Vzy, and V,p, if Vi, ~ Vg implies that the T and
B quarks have the same decays as the corresponding singlets. They have
different angular distributions since only the right-handed component of
(T, B) couples to the SM quarks. However, due to constraints on the b quark
mixing and by mass hierarchy, m; > m;, where V;;, < V,p, the mixing of
the heavy quarks with the SM top quark is much stronger. Therefore the
T — Wb, B— Hband B — Zb decays are suppressed.

The possible decays of vector-like quarks are reported in tables[3.2]3.3|and [3.4]
On the other hand, the branching ratios of the vector-like quarks are model-
dependent and they also depend on the heavy quark mass themselves. In
fig. 3.4| are illustrated the branching ratios of the decays of T and B in the
case of a VLQ coming from the singlet or doublet of SU(2).

Search for VLQs

Various searches of VLQs have been undertaken both at Tevatron and at
LHC. The main studies at Tevatron have been done during Run II with a
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Doublets | decay modes
X Wt
T Ht, 7t
T Ht, 7t
B Wt
B Hb, Zb
Y W~b

Table 3.3: Allow decay modes for Vector-like doublets.

Triplets | decay modes
X Wt
Wb, Ht, Zt
Hb, Zb
Ht, 7t
W~t, Hb, Zb
W=b

N~ R TN

Table 3.4: Allow decay modes for Vector-like triplets.

T T T T T T
T -
SU(2) Singlet (B.Y) Doublet (T.B) Doubdet

iy TBjor -
[ SU(2) Singlet {(X.T) Doublet |

Branching Ratio
Branching Ratio

sl —T=We e T=Wo gsl. —B-WE seBaWi oBw
—_T=2t Tz ] —B—7b ~B—Th
Tt —T—=H e T—H —B—Hp - B—Ho

P P NP P DI PO PO POU B | I P U P FU I I SO
500 400 500 600 /00 ®00 900 1000 00 400 500 600 700 800 900 1060
my [GeV] mg [GeV]

(a) (b)

Figure 3.4: Branching ratio of vector-like top (a) and bottom (b) partners as
a function of the heavy quark mass ms and mp respectively for isosinglets
and isodoublets [36].
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center-of-mass energy of 1.96 TeV by the CDF and DO experiments. The
studies have been done and are still going on at LHC by CMS and ATLAS
experiments.

The DO collaboration performed a search for single production of VLQs at
5.4 fb~! [46].The analysis searches for final states with either a W or Z boson
and two jets. One jet comes from the VLQ decay and the other is produced
in association with the VLQ. The gauge boson is then required to decay
leptonically and events with exactly one lepton or exactly two leptons and
more than 2 jets are selected. Results are given for different choices of the
coupling parameters and assumptions on BRs:

mp > 693 GeV at 95% C.L. BR(B — W¢q) = 100% } no coupling with

myp > 551 GeV at 95% C.L. BR(T — Zq) = 100% down quark

mp > 430 GeV at95% C.L. BR(B — Zq) = 100% no coupling with
mr > 403 GeV at95% C.L. BR(T — Wq) = 100% up quark

The CDF collaboration has performed two analyses on VLQs at integrated
luminosity of 5.7 fb~:

¢ The search for pair production of a heavy particle T decaying to tX,
where X is an invisible dark matter, the search considers events in
the full hadronic channel [47]. The event selection has been made re-
quirinig a number of jet among 5 and 10 and a lot of missing trans-
verse energy. The bounds have been provided for the combination of
T and X masses, excluding the presence of T with my < 400 GeV for
mx < 70 GeV.

¢ The search for single production of heavy quarks where it is expected
to decay 100% in Wgq, where q is a SM quark of the first generation.
The signal event has the topology W + 25 where the W is required
to decay leptonically. Due to the fact that single production is model
dependent, the bounds on the cross section and couplings of the heavy
quarks with SM quarks are given for different masses of the heavy
quarks, ranging from 300 GeV to 600 GeV.

The main serches at LHC by ATLAS and CMS are based on QCD pair pro-
duction of charge 5/3, 2/3, and —1/3 partners and their decay into third
family quarks and W, Z, H bosons. The analysis strategies have required
a lot of different final states: all-hadronic searches, single- or multi-lepton
final state, with or without transverse missing energy.

The possible decays that have been studied for the TT ~ pair production are:

* The decay of atleastone T'in Htora T intZ, with H — bband Z — vv
respectively.It was required in the final states at least one lepton, from
the top decay, multi-jets and missing transverse energy [48]].
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* The decay of 7T both in the Wb channel, where one W decays to lep-
tons and one decays to quarks, assuming a Br(T" — Wb) = 100% [49].

¢ The study of the Zt+ X final state with exactly one charged lepton and
Z — vv. The analysis has provided an upper limits on the T mass of
0.85 (1.05) TeV, considering the weak-isospin singlet (doublet) model;
while an upper limit of my < 1.16 TeV for the pure Zt decay mode
[50].

e The decay of the T pair to bWbW — blvbgq'. In the final state are re-
quired just one charged lepton, at least 4 jets and a boosted W-tagged.
The assuming a branching fraction Br(T" — bW) = 100% and the re-
constructing the mass of the T quark, thanks to a kinematic fit, have
provided an upper limit on the T quark mass of 1295 GeV [51].

* The pair production of T or B in fully hadronic final states, using
a multiclassification algorithm to improve the reconstruction of the
events [52].

¢ The decay of a T’ pair, where one decays via T — ¢Z and the other one
viaT — tZ, bW, tH with two oppositely charged leptons in the final
state coming from the Z boson [53]. This final state is studied also for
the B pair production.

¢ The decay of a T pair considering three channels, corresponding to
tinal states with a single lepton, two leptons with the same sign of the
electric charge, or at least three leptons [54].

The searches for BB pair production have studied the decays into tW, bZ, bH.
The analysis strategies follow the same of the 7'T" searches.

The studies of single production of VLQs have analyzed the following chan-
nels:

¢ production of a T quark decaying to tZ with Z — [l and t — hadrons
[55];

¢ production of B — bH with H — bb [56].

¢ production of a T quark decaying to tZ or tH in fully hadronic final
states [57].

In the case of the searches for the pair production of charge 5/3 VLQs have
been studied the decays into W¢WWt, the analysis covers the single lepton
and dilepton samesign channels [56, 58].

Fig.[3.5|shows the results of the searches for the single and the pair produc-
tion of VLQs by CMS in July 2019.
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Figure 3.5: Summary of the results of the VLQs single and pair production
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3.2 Dark Matter

Dark matter [60] (DM) is a hypothetical form of matter thought to account
for approximately 84.4% of the matter in the universe, and about 26.4% of its
total mass-energy density. Its presence is implied in a variety of astrophysi-
cal observations, including gravitational effects that cannot be explained by
accepted theories of gravity unless more matter is present than can be seen.
For this reason, it is common to think that dark matter is abundant in the
universe and that it has had a strong influence on its structure and evolu-
tion.

Dark Matter is called dark because it does not appear to interact with the
electromagnetic field, which means it does not absorb, reflect, or emit elec-
tromagnetic radiation, and is therefore difficult to detect. Because DM has
not yet been observed directly, if it exists, it must barely interact with or-
dinary baryonic matter and radiation, i.e. through interactions with small
couplings like for example gravity. Most dark matter is thought to be non-
baryonic in nature; it may be composed of some as-yet undiscovered sub-
atomic particles. The primary candidate for DM is some new kind of el-
ementary particle that has not yet been discovered, ofeten referred to as
Weakly Interacting Massive Particles (WIMPs).

Although the existence of dark matter is generally accepted by the scientific
community, some astrophysicists, intrigued by certain observations which
are not well-explained by standard DM, argue for various modifications of
the standard laws of general relativity, such as Moddified Newtonian Dynam-
ics (MOND) [61]], tensor-vector-scalar gravity, or entropic gravity. These mod-
els attempt to account for all observations without invoking supplemental
non-baryonic matter.

3.2.1 Observational evidence

The hypothesis of DM has an elaborate history. In a talk given in 1884, Lord
Kelvin [62] estimated the number of dark bodies in the Milky Way from the
observed velocity dispersion of the stars orbiting around the center of the
galaxy. By using these measurements, he estimated the mass of the galaxy,
which he determined is different from the mass of visible stars.

The first to suggest the existence of Dark Matter using stellar velocities was
Dutch astronomer Jacobus Kapteyn [63] in 1922. Fellow Dutchman and ra-
dio astronomy pioneer Jan Oort [64] also hypothesized the existence of dark
matter in 1932.

In 1933, Swiss astrophysicist Fritz Zwicky [65], who studied galaxy clus-
ters while working at the California Institute of Technology, made a similar
inference. Zwicky applied the virial theorem to the Coma Cluster and ob-
tained evidence of unseen mass he called dunkle Materie ("dark matter”).
Zwicky estimated its mass based on the motions of galaxies near its edge
and compared that to an estimate based on its brightness and number of
galaxies. He estimated the cluster had about 400 times more mass than was
visually observable. The gravity effect of the visible galaxies was far too
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small for such fast orbits, thus mass must be hidden from view. Based on
these conclusions, Zwicky inferred some unseen matter provided the mass
and associated gravitation attraction to hold the cluster together.

Galaxy rotation curves

The first historical evidence to support the existence of Dark Matter comes
from the observations of the rotation curves of galaxies, namely the graph
of circular velocities of stars and gas as a function of their distance from the
galactic center. Rotation curves are usually obtained by combining observa-
tions of the 21 ¢cm line with optical surfacephotometry. Observed rotation
curves usually exhibit a characteristic flat behavior at large distances, i.e.out
towards, and even far beyond, the edge of the visible disks.

In Newtonian dynamics the circular velocity is expected to be:

v(r) =4/ G]\f(r) (3.1)

where M(r) = 4x [ p(r)r?dr and p(r) is the mass density profile. In case of
uniform density:

00 forr <R
p(r) = ,
0 forr > R

that implies

M(r) <r® and v(r) ocr forr<R

M(r) ~ constant and v(r) o \/%: forr >R

thus, Newtonian dynamics does not explain the observed flat behaviour of
velocity at large distances.
Considering v(r) ~ constant, it can be obtained:

p X r2 (3.2)

The proportionality of 3.2/ for larger r is fequently parameterized in the fol-
lowing form:

R? + a?
r? + a?
where 1 is the galactocentric distance, Ry = 8.5 kpc (for the Milky Way) is
the galactocentric radius of the Sun, and a = 5 kpc is the radius of the halo
nucleus, py = 0.3 GeV /cm? is the local energy density in the solar system.

p(r) = po (3.3)
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Gravitational lensing

Another important evidence in favor of DM existence is the observed phe-
nomenon of gravitational lensing. Following Einstein’s theory of general
relativity, light propagates along geodesics which deviate from straight lines
when passing near intense gravitational fields. The distortion of the images
of background objects due to the gravitational mass of a cluster can be used
to infer the shape of the potential well and thus the mass of the cluster.
Strong lensing is the observed distortion of background galaxies into arcs
when their light passes through such a gravitational lens. It has been ob-
served around many distant clusters. By measuring the distortion geometry,
the mass of the intervening cluster can be obtained. In the dozens of cases
where this has been done, the mass-to-light ratios obtained correspond to
the dynamical dark matter measurements of clusters. Lensing can lead to
multiple copies of an image. By analyzing the distribution of multiple im-
age copies, the distribution of dark matter around the galaxy clusters can be
obtained.

Weak gravitational lensing investigates minute distortions of galaxies, us-
ing statistical analyses from vast galaxy surveys. By examining the appar-
ent shear deformation of the adjacent background galaxies, the mean dis-
tribution of dark matter can be characterized. The mass-to-light ratios cor-
respond to dark matter densities predicted by other large-scale structure
measurements. Dark matter does not bend light itself; mass (in this case the
mass of the dark matter) bends spacetime. Light follows the curvature of
spacetime, resulting in the lensing effect.

The phenomena is observed by several experiments, such as MACHO, EROS
and OGLE, that detected a dozen of MAssive Compact Halo Objects (MA-
CHOs).

The baryonic non-luminous matter observed through gravitational lensing
is not sufficient to explain all DM required by the other evidences, although
Gravitational lensing studies of the Bullet Cluster are claimed to provide the
best evidence to date for the existence of DM.

The Bullet Cluster consists of two colliding clusters of galaxies. Strictly
speaking, the name refers to the smaller subcluster, moving away from the
larger one. The major components of the cluster pair behave differently
during collision, allowing them to be studied separately. The stars of the
galaxies, observable in visible light, were not greatly affected by the colli-
sion, and most passed right through, gravitationally slowed but not other-
wise altered. The hot gas of the two colliding components, seen in X-rays,
represents most of the baryonic matter in the cluster pair. The gases interact
electromagnetically, causing the gases present in the two clusters interact
electromagnetically, causing them to slow down much more with respect to
the stars. The third component, the Dark Matter, was detected indirectly
by the gravitational lensing of background objects. In theories without DM,
such as MOND, the lensing would be expected to follow the baryonic mat-
ter; i.e. the X-ray gas. However, the lensing is strongest in two separated
regions near (possibly coincident with) the visible galaxies. This provides
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Figure 3.6: The observed power spectrum of CMB anisotropies.

support for the idea that most of the gravitation in the cluster pair is in the
form of two regions of dark matter, which bypassed the gas regions during
the collision.

Angular power spectrum of CMB

The existence of Cosmic Microwave Background (CMB) originating from
the propagation of photons in the early Universe, once they decoupled from
matter, was predicted by George Gamow and his collaborators in 1948 and
inadvertently discovered by Arno Penzias and Robert Wilson in 1965. After
many decades of experimental effort, the CMB is known to be isotropic at
the 107" level and to follow with extraordinary precision the spectrum of a
black body corresponding to a temperature T=2.726 K.

Today, the analysis of CMB anisotropies enables accurate testing of cosmo-
logical models and puts stringent constraints on cosmological parameters.
The observed temperature anisotropies in the sky are usually expanded as:

oT >
?(Cb, 9) = Z afmnm(qby 0)7 (34)
1=2
where Y (¢, 0) are the spherical harmonics. The variance C; of ay, is given
by:
1 ¢
_ 2\ 2
Co = (laml) = 557 m;gyam . (3.5)

If the temperature fluctuations are assumed to be Gaussian, as appears to be
the case, all of the information contained in CMB maps can be compressed
into the power spectrum, essentially giving the behavior of C'/ as a function
of (. Fig.[3.6/shows the quantity ¢(¢ + 1)C,/2m commonly used to visulize
the power spectrum. Information from CMB anisotropy maps can be ex-
tracted, starting from a cosmological model with a fixed number of param-
eters, usually 6 or 7, the best-fit parameters are determined from the peak
of the N-dimensional likelihood surface. The following values are, at the
moment, found for the abundance of baryons and matter in the Universe:

Qparyons = 0.02237 £ 0.00015 Qatter = 0.315 £ 0.007 . (3.6)
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The observed CMB angular power spectrum provides powerful evidence
in support of dark matter, as its precise structure is well fitted by the A-
CDM model, but difficult to reproduce with any competing model such as
MOND.

Main DM candidate in particle physics

Particle DM model building is deeply intertwined with the question of the
nature of physics BSM. Directions in this area have followed two main strate-
gies: either by pursuing DM candidates embedded in frameworks that in-
clude solutions to other open issues in particle physics or bottom-up models
built with the intent of addressing or explaining a putative signal, coming
either from (e.g. particle physical anomalies) or observational (e.g. astro-
nomical). Follow some examples of both of these types of approches.

* Axions are an especially compelling example of a broad category of
DM candidates encompassing very light scalar or pseudoscalar fields.
The QCD axion provides a solution to the strong CP problem, and it is
at present a viable DM candidate.

e Sterile Neutrinos, assumed to share a Dirac mass term with ordinary
SU(2)-active neutrinos, have long been considered viable DM can-
didates. The mostly-sterile mass eigenstate participates in SU(2),, in-
teractions via a mixing parameter # < 1 that controls much of the
particle’s phenomenology.

* Dark Photons, light vector bosons such as a dark photon V' with a mass
below my < 2m,, can be cosmologically stable, depending upon its
kinetic mixing coupling with the visible photon, and be a viable DM
candidate.

o WIMPs has been a preferred framework chiefly because it often arises
in BSM scenarios that address the hierarchy problem whilst also pro-
viding a simple mechanism to explain the observed relic abundance
via the WIMP miracle [66].

3.2.2 DM production at LHC

As discuss in a compelling candidate for DM is the so called WIMP.
This new particle is predicted to have weak interactions with SM parti-
cles, allowing for direct- and indirect-detection experiments, as well as for
searches at collider experiments.

Dark Matter production [67] via thermal mechanism provides a tantalizing
possibility for collider search. Should these interactions exist, DM would
be produced in proton-proton collisions at LHC and studied in detail. Col-
lider data could access a different range of possible interactions between
dark matter and SM particles than current direct and indirect searches, al-
lowing an important interplay and complementarity among experiments in
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the quest of discovering dark matter.

A WIMP candidate must be electrically neutral, noninteracting via the strong
nuclear force, and stable or metastable, with a decay lifetime larger than
the age of the Universe (~ 10'® s). Therefore, dark matter is invisible at
the LHC, and its production at colliders can be only inferred indirectly by
a large momentum imbalance in the transverse plane of the detector. The
specific nature of these visible particles is model-dependent, and given our
lack of knowledge of the physics of the dark sector, it is necessary to con-
sider all experimentally-viable possibilities.

In view of the center-of-mass energy reached at LHC in Run I, /s = 13 TeV,
an interpretation of searches for DM production requires the inclusion of
additional on-shell mediating particles is considered. Adding the mediator
back in to the particle spectrum, however, requires specifying the details
of the interactions, which were safely ignored in the previous searches at
colliders, includinf Runl of LHC, based on Effective Field Theories (EFTs)
approach. As an intermediate step between EFTs and a fully-specific UV
theory, simplified models which have a small number of assumptions about
the dark matter and contain the minimal particle content were developed to
allow for accurate interpretation.

It is of particular interest to investigate interactions mediated by a new neu-
tral scalar or pseudoscalar particle that decays into DM particles, as these
can be easily accommodated in models containing extended Higgs boson
sectors.

Given that couplings between spin-0 particles and SM fermions requires
some amount of SU(2), @ U(1)y breaking, it is reasonable to construct mod-
els where the scalar or pseudoscalar coupling to the SM fermions is weighted
by the SM Yukawa couplings [68]. Assuming minimal flavor violation [69,
70] (MFV), the discovery potential for scalar and pseudoscalar interactions
in the monojet channel, mediated by top-quark loops similar to gluon-fusion
Higgs production, is significantly improved when considering processes
where the dark matter couples to massive third generation quarks, in partic-
ular top quarks. This has motivated analyses searching for events in which
the dark matter particles are produced in association with a pair of top
quarks (tt + DM) or with one or two bottom quarks (b(b) + DM). The top
quark pair channel represents the most sensitive channel at low mediator
masses, and directly probes couplings of the mediator to top quarks, while
monojet processes are sensitive to such couplings only through loops, this
model predicts additional production mechanisms for dark matter particles,
created along with a single top quark (¢/t + DM), rather than a pair. The
main production diagrams for this single top process are shown in fig.
The production of the single top quark is obtained through processes me-
diated by a virtual t-channel or s-channel W boson, (a) and (b) respectively,
or through the associated production with a W boson, (c) and (d). So far, fi-
nal states involving a single top quark and missing energy transverse from
dark matter particles have been studied only considering flavor-changing
neutral interactions.

Assuming this DM scenario the interactions of the new spin-0 mediator par-
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Figure 3.7: Main production diagrams for the associated production of dark
matter with a single top at the LHC: (a) s-channel W boson production, (b)
t-channel W boson production, and (c)-(d) associated tW production [67].

ticle follow the same Yukawa coupling structure as in the SM. Therefore,
the mediator would couple preferentially to heavy third-generation quarks.
Assuming the DM particles to be Dirac fermions, the interaction Lagrangian
terms for the production of a scalar () or pseudoscalar (a) mediator particle
can be expressed as:

LoD gypxx + % ;(yfff), (3.7)
Lo D igyaxy’x + i% ;(yffff ), (3.8)

where, the sum runs over the SM fermions f, y; = v/2m/v are the Yukawa
couplings with the Higgs field vacuum expectation value v = 246 GeV, g, is
the DM-mediator coupling, and g, is the fermion-mediator coupling. Under
the MFV assumption, this simplified model has a minimal set of four free
parameters: (m,, My, gy, gy), it is important to emphasize that these four
variables represent the minimum set of parameters necessary for the com-
parison of collider and DD experiments.

3.2.3 Search for DM

Searches for DM can be roughly classified in direct experiments, indirect ex-
periments, and searches at colliders.

¢ Direct detection experiments mostly aim to observe elastic or inelastic
scattering of Galactic DM particles with atomic nuclei, or with elec-
trons in the detector material. Predicted event rates assume a certain
mass and scattering cross section, as well as a set of astrophysical pa-
rameters. For DM scattering off nuclei, the differential scattering rate
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R as a function of nuclear recoil energy Ef, is:

dR(ER,t) B Lo - 5 dU(ER,U) 3
ol Ny /wvmvf(vﬂE(t)) T, (69)

Mmpm

where Ny is the number of target nuclei, mp,, is the mass of the DM
particles, v = |v] is the speed of the particle in the experiment’s rest
frame, f(U + Ug(t)) is the velocity distribution in the Earth’s frame,
Umin 1S the minimum speed of the DM particles that can cause a re-
coil energy Er and o is the scattering cross section on the nucleus.
For DM particle masses below the GeV-scale, most searches for DM-
nucleus scattering rapidly lose sensitivity, due to energy thresholds
around 10% — 10° eV.

Another strategy is to search for DM scattering off bound electrons,
allowing for all of the kinetic energy (50 eV in the above case) to be
transferred to the material. The leading possibilities are ionisation, ex-
citation, and molecular dissociation processes, which typically require
energies of (1- 10) eV, and thus allow to probe scattering of DM parti-
cles with masses down to the O( MeV) range. The signal depends on
the material, and can consist of one or more electrons (in semiconduc-
tors, noble liquids, graphene), one or more photons (in scintillators)
or phonons (in superconductors and superfluids) and quasiparticles
(in superconductors). As an example, the differential event rate for
ionisation in atoms is given by

dRz'on Lo d<0-i0nv>
- NT )
dlnER mpy dlIlER

(3.10)

where Ej, is the recoil energy transferred to the electron, (o;.,v) is the
thermally averaged ionisation cross section and Ny is the number of
target atoms per unit mass.

Direct detection experiments aim to observe the small, keV-scale and
below, and rare, fewer than ~ 1 event/(kg - y), signals which are in-
duced by DM particle scatters in a detector, mostly in the form of ioni-
sation, scintillation or lattice vibrations. A majority of experiments de-
tects more than one signal, which allows to distinguish between scat-
tering off of electrons (electronic recoils, ER) and off of atomic nuclei
(nuclear recoils, NR). A 3D position resolution is required to define
central detector regions, or fiducial volumes, with low background
rates from surrounding materials, and the distinction between single-
versus multiple-scatters rejects a significant fraction of backgrounds,
given that DM will scatter at most once. Fig. 3.8/ shows the best con-
straints for SI couplings in the cross section versus DM mass parame-
ter space, above masses of 0.3 GeV.

¢ Indirect DM detection refers to the search for the annihilation or decay
debris from DM particles, resulting in detectable species, including es-
pecially gamma rays, neutrinos, and antimatter particles. The produc-
tion rate of such particles depends on the annihilation, or decay;, rate,



3.2. Dark Matter 51

10-3¢
10738
DAMIC (2017)
—

10-4 10~¢

i
o
S

=
o
1

~

1042 10—

10-% 10-8

ucleon cross section [pb]

10-46 1071

SI DM-nucleon cross section [cm?]
DM-

-
=
1
2
3

102

10750 0-14
10° 10* 10?2 10}

my (GeV)

Figure 3.8: Current exclusion limits and region of interest of DM obtained
with direct searches [22].

on the density of pairs in the region of interest, and on the number of
final-state particles produced in one annihilation, decay, event.

DM annihilation to virtually any final state produces gamma rays:
emission processes include the dominant two-photon decay mode of
neutral pions resulting from the hadronization of strongly-interacting
final states; final state radiation; and internal bremsshtralung, the lat-
ter two including, possibly, the emission of massive gauge or Higgs
bosons subsequently producing photons via their decay products. Sim-
ilarly, neutrinos are produced from charged pion decay and from ra-
diative processes.

DM can be captured in celestial bodies in significant amounts, depend-
ing on the DM scattering cross section off of nucleons, the DM mass,
and the DM flux incident on the celestial body of interest. For DM
masses at or around the GeV scale, evaporation from the celestial body
plays an important role. If enough DM accumulates, DM annihilation
inside the celestial body can then lead to the production of Standard
Model particles. Such particles can heat up the body if they lose most
of their energy before escaping. Utilizing models for heat production
in planets, or stellar interior models in the case of stars, constraints can
be put on DM particle properties. Alternately, DM annihilation in ce-
lestial bodies can result in the production of particles that can escape
the body. Within the Standard Model, the only such instance is annihi-
lation to neutrinos, but, similarly to the boosted DM case the DM can
annihilate to a (stable or unstable) dark-sector particles, whose decay
or interactions can be detected on Earth.

Stable charged particles produced by decays as consequence of pro-
cesses involving DM annihilation or decay populate the cosmic radia-
tion and are a prime target for indirect DM searches. To maximize rate,
searches focus on relatively rare particle species, such as positrons, an-
tiprotons, and antinuclei. While in certain models the production of
particles and antiparticles is not symmetric [71], generally DM annihi-
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lation or decay produces as many particles as antiparticles in the final
state.

¢ Searches for DM with the LHC and other colliders have targeted DM
models that interact with the SM via Higgs or Z boson exchange, ef-
fective field theories with heavy mediators, UVcomplete models such
as supersymmetry, models with long-lived particles, and models with
rich dark sectors. Various searches for dark matter have been carried
out by the CMS and ATLAS collaborations at the LHC in pp collisions
[72,173].

The experimental program correspondingly includes searches for in-
visible particle production mediated by a SM boson, generic searches
for invisible particles produced via new particle mediators,as seen
in and specific searches for complete models. There are a va-
riety of signals for DM: the imbalance in the transverse momentum in
an event due to the presence of DM particles, produced together with
one Standard Model particle, a bump in the di-jet or di-lepton invari-
ant mass distributions, or an excess of events in the di-jet angular dis-
tribution, produced by a dark matter mediator. In this thesis we are
interested in the production of invisible particles in association with
a single top-quark, such a final state is characterised by a significant
missing transverse momentum, which is due to the undetected parti-
cles. Background contributions from SM processes [74] are expected
to be small. Similar searches were previously conducted by the CDF
Collaboration using 7.7 fb~! of Tevatron pp collisions at /s = 1.96 TeV
[75] and by the ATLAS and CMS collaborations using /s = 8 TeV [76,
77] and /s = 13 TeV [78] LHC data.

No signal for DM has been observed in the LHC experiments so far.
Instead limits are set on masses, couplings, and cross-sections.

Fig.[3.9]shows a comparison beetween DM search at CMS experiment, through
production in association with a pair of top quarks, and the results of XENON1T,
LUX, PandaX-II, CDMSlite, and CRESST-II, which provide the strongest
constrains for DM direct searches.
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Figure 3.9: A comparison of CMS results to the mpy — os; plane .The CMS
contour in the SI plane is for a Scalar mediator, Dirac DM and couplings
94 = 0.25 and gpy = 1.0, and for DM particles produced in association with
a pair of top quarks. The CMS SI exclusion contour is compared with the
XENONIT 2017, LUX 2016, PandaX -II 2016 , CDMSLite 2015 and CRESST-
112015 limits, which constitutes the strongest documented constraints in the
shown mass range [79] .



Chapter 4

Physics objects selection and
recostruction

The main aim of this thesis is the search for a single top quark production
in association with missing energy in the transverse plane with respect to
the beam axis, in particular considering the hadronic decay of top quark.
The search has been performed using pp collision data collected in 2018 and
corresponding to an integrated luminosity of 59.7 fb~! and its performances
have been extrapolated to the full RunlIL

Two different interpretations are considered for the signature of interest:

¢ the decay of a heavy Vector-Like quark T in the channel 7" — t + Z, fol-
lowed by the Z boson decaying into neutrinos. In fig. 4.1/is shown the
Feynman diagram of the process. Higher masses for the T are accessi-
ble with respect to the Runl. As a consequence, the Z boson exhibits a
higher Lorentz boost with respect to 8 TeV collisions of Runl, and the
corresponding neutrinos stem very collimated along the Z boson axis.
This results in signal events characterized by large missing energy. In
addition, the branching ratio of Z — vv is ~ 3 times the branching
ratio of the dilepton channel, which makes this channel a very good
probe for T quark production searches;

* DM production in association with a single top quark. In fig. is
shown the Feynman diagram of the process. This channel is con-
sidered to improve the previous searches that considered the channel
tt + DM. Different mass hypothisis for the scalar or pseudoscalar me-
diator can be probed, according to centre-of-mass energy. At every
¢ mass value corresponds an allowed range of y mass. In the model
considered, x mass is suppose to be equal to 1 GeV because the cross-
section of the process depends mainly from the mediator mass and its
spin nature. The aim of this work is to expand the probed mass of ¢
until 1000 GeV in the scalar mediator hypothesis.

Two channels for the single-top quark signature are considered, target-
ing the case in which the W boson originating from the top-quark decays
into a pair of quarks, hadronic channel. The objects in the detector are, there-
fore, stable hadrons, clustering into jets, and invisible particles.

54
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Figure 4.1: Feynman diagram for the T production and decay channel
searched for.

0g

b

Figure 4.2: Feynman diagram for ¢ + DM channel searched for.

In this chapter we will describe the reconstruction of the final state objects
in the detector.

4.1 Physics objects selection

Starting from the beam interaction region, particles first enter a silicon tracker,
which allows to reconstruct charged-particle trajectories, i.e. tracks, and
their originating points, i.e. vertices. The vertices and tracks are recon-
structed from signals in the sensitive layers. The magnetic field bends the
trajectories and allows the electric charges and momenta of charged parti-
cles to be measured. Electrons and photons are then absorbed in the ECAL.
The corresponding electromagnetic showers are detected as clusters of en-
ergy recorded in neighbouring cells, from which the energy and direction of
the particles can be determined. Charged and neutral hadrons may initiate a
hadronic shower in the ECAL as well, which is subsequently fully absorbed
in the HCAL. The corresponding clusters are used to estimate their energies
and directions. Muons and neutrinos traverse the calorimeters with little or
no interactions. While neutrinos escape undetected, muons produce signals
in the muon system, located outside the calorimeters.

All the stable particles are reconstructed with the Particle Flow [28, 80] (PF)
algorithm, it combines the information from the CMS sub-detectors to iden-
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tify the particles and also to reconstract their 4-momenta.

4.2 Jets

The search is focused on the hadronic channel, therefore in the final state
we want to to reconstruct the hadronization products of three quarks, two
originating from the W boson and one b-quark from the direct top quark
decay.

The quarks and gluons produced in the final state originate a shower of par-
ticles, through a process called hadronisation, which takes place before the
particle directly interacts with the detector. The quarks in the final state are
reconstructed indirectly through objects called jets, obtained by clustering
the products of the hadronisation of quark and gluons through appropriate
algorithms. The interaction between constituent partons and the shower-
ing into stable particles is well described by the perturbative theory and
hadronization model.

The jets used for this analysis are provided by the anti-k; algorithm [81].
Anti-k; algorithm is the default choice at LHC, because of its robustness
against pile up and underlying event contributions, moreover, the algo-
rithm is IRC safe, soft-resilient jet algorithm, that leads to jets whose shape
is not influenced by soft radiation.

In the momentum space are considered: d,;,which is the distance between
the particle of the PF candidate ¢ and the particle j, and d;z, which is the
distance between the particle i and the beam B. In formulae:

.1 1 (AR )?
di; = min(——, - J 4.1
! (p%“z pi2f,j> R? @1
1
dip = ——, (4.2)
Pr;

where R is the radius parameter, AR;; is the distance in the (¢,7) plane of
the particles ¢ and j, and pr, is the transverse momentum of particle h.

The algorithm proceeds by identifying the smallest among distances and if
it is a d;; recombining entities ¢ and j, while if it is d;p calling 7 a jet and
removing it from the list of entities. The distances are recalculated and the
procedure repeated until no entities are left. Two different kinds of jets have
been used for the analysis, jets with R = 0.4 are the AK4 jets, also referred
as narrow jets, and jets with R = 0.8 are the AKS, or fat jets. A set of iden-
tification criteria provided by the CMS dedicated group that works on Jets
and Missing Energy Transverse (MET), is applied on AK4 jets collection.
Moreover, different corrections are applied while calculating the energy of
the jets at various levels: Jet Energy Corrections (JEC) are used to scale the
jet energy by a factor that describes the detector response depending on the
transverse energy and the pseudorapidity of the jet; the Charged Hadron
Subraction (CHS) is a correction applied on the group of hardest particle in
order to remove the energetic contribution coming from the pile-up interac-
tion before clustering and Pile-Up Per particle Identification (PUPPI) used
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with CHS for pileup-rejection, PUPPI PF jets have improved jet pr resolu-
tion for low jet pr where pileup plays an important role; the correction factor
Jet Energy Scale (JES) is calibrated on the 7, pr , energy density, and area of
the jet; the Jet Energy Resolution (JER) for the simulated jets is degraded to
reproduce the resolution observed in data.

421 b-tagging

AK4 jets may be tagged as arising from a b quark (b-jet), indeed a b-jet is
expected in the final state considered.

Several algorithms for identification of jets originating from b quarks are
available in CMS, one of these is the Combined Secondary Vertex (CSV)
algorithm [82]. The tracks produced by long lived particle decays such
as b-hadrons makes possible for the hadron to travel a considerable dis-
tance from the primary vertex before decaying. The variable used to de-
fine the distance between the two vertices is the Impact Parameter, fig.
that is a Lorentz invariant, so it is invariant with respect to changes of the
long lived particle kinetic energy, and for the B-hadrons this corresponds
to ¢t ~ 450 pm. In CMS the Impact Parameter can be measured with pre-
cision between 30 ym and hundreds pm. The AK4 jets are usually consid-
ered coming from b-quark if they pass a given threshold on the value of
DeepCSV, which is defined by the CMS group working on b-tagging based
on the selection efficiency of b-originated jets and the mis-tagging efficiency
of light quark-originated jets.

In this work DeepJet algorithm [83] is used for b-tagging discrimination, it is
based on DNN algorithm and it is trained with more variables with respect
to CSV algorithm, such as global variables (jet kinematics, the number of
tracks in the jet, etc...), charged PF candidate features (containing informa-
tion on the track kinematics, track fit, quality, displacement, and displace-
ment uncertainty), neutral PF candidate features (such as the flight distance
significance), and SV features associated with the jet.

4.2.2 Deep tagging

An efficient classification of hadronic decays of heavy SM particles that are
reconstructed within a single jet can be done. An algorithm implemented
in CMS allows to distinguish hadronically decaying massive SM particles,
namely W, Z, H bosons, and top quarks, from other jets originating from
lighter quarks or gluons.

In this thesis we used recently developed ML-based CMS heavy-object tag-
ging method [84] to exploit the full potential of the detector and event recon-
struction, DeepAK8 algorithm. The algorithm is a multiclass classifier based
on CNN algorithm for the identification of hadronically decaying particles
with five main categories: W, Z, H, t, other.

In the DeepAKS algorithm, two lists of inputs are defined for each jet. The
first list consists of up to 100 jet constituent particles, sorted by decreasing
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pr. The list includes measured properties of each particle, such as the pr, the
energy deposit, the charge, the angular separation between the particle and
the jet axis or the subjet axes, etc., these are included to help the algorithm
extract features related to the substructure of the jet.

The second list called secondary vertex (S5V) list consists of up to 7 SVs, each
with 15 features, such as the SV kinematics, the displacement, and qual-
ity criteria. The SV list helps the network to extract features related to the
heavy-flavor content of the jet. The Receiving Operating Curves (ROCs) of
DeepAKS algorithm are shown in fig. .4 with the ROCs of other algorithms.

4.3 Muons

The final state of interest for this thesis is characterised exclusively by quarks
and invisible particles, therefore no high-energetic muon or electron is ex-
pected to come from the hard interaction. One of the possible backgrounds
arises from ¢t events and electroweak processes, like single or double vec-
tor boson production. The contribution from ¢t events arises in the semi-
leptonic decays, when one top quark decays in t — bW — blv , therefore a
lepton veto is applied to reject event with the production of an electron or
a muon near the Interaction Point. The identification and isolation criteria
used for muons are described here, while for the electrons in the next sec-
tion.

The muons are detected both in the tracking system and in the muon system
[85]. In the first detector they are reconstructed using a technique based on
the Kalman filter algorithm, in the second one the hits from DTs, CSCs and
RPCs are fitted reconstructing the Stand Alone Muons. The muons could be
reconstructed as Tracker Muon if the muons are reconstructed in the tracker
system, and the track is matched with a single hit in the muon system.
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Figure 4.4: Comparison of the identification algorithms for hadronically de-
caying t quark and W boson in terms of ROC curves in two regions based
on the pr of the generated particle; Left: 300 < pr < 500 GeV, and Right:
1000 < pr < 1500 GeV [84].

The Global Muon reconstruction is given by the refitting of two tracks: a
Tracker Muon, and Stand Alone Muon, that are matched together. This dif-
ferent kind of reconstruction defined identification criteria used in CMS,
together with other variables such as the number of pixels hit.

Muon candidates are selected according to the veto selection criteria defined
in CMS according to identification criteria with high efficiency but low pu-
rity. The isolation variable I’ is defined for muon candidates as:

o I 4 maz (17 + I — 0.5 x 17Y),0)

rel — ’

pr

(4.3)

where ", 7, [™", and TPV are respectively, the scalar pr sums of the
charged hadrons, photons, neutral hadrons, and charged hadrons associ-
ated with pileup vertices. The sums are computed in a cone of AR = 0.4
around the muon direction. For the lepton veto only tight muons, table
are considered.
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Tight muon
o ! Loose Id
> 30GeV | <24

Table 4.1: Tight muon.

Tight electron
br Loose Id
> 30GeV

Table 4.2: Tight electron.

4.4 Electrons

Electron candidates are reconstructed from a collection of electromagnetic
clusters with matched pixel tracks. Electron tracks are fitted using a Gaus-
sian Sum Filter (GSF) algorithm along its trajectory taking into account the
possible emission of bremsstrahlung photons in the silicon tracker.

The isolation variable I, for electron candidates is defined as:

rel

o _ I+ maz ((I7 + I — p x A))

rel — )

pr

(4.4)

where p is the average energy density not clustered in jets, measured event-
by-event, by the cone area A. The sums are computed in a cone of AR =
0.3 around the electron direction. For the lepton veto only tight electrons,
table 4.2 are considered.

4.5 MET

At the LHC, and in general at any hadron collider, the energy imbalance is
computed in the transverse view only. The reason for this is that only the
longitudinal momentum of the whole protons can be measured, while the
one of the individual colliding partons is not known. The particle flow al-
gorithm reconstructs the missing transverse energy, MET,as the opposite of
the vectorial sum of all the candidates transverse momentaf]

The MET is a crucial variable for this search because the final state is char-
acterized by particles that do not leave any trace in the detector.

The presence of these non-interacting particles in the detector can be mea-
sured with MET since they create an energy imbalance when escaping the
detector, not allowing kinematic closure in the transverse plane.

“It is worthy to observe that, what usually refer to as MET is actually the missing trans-

verse momentum, for this reason in the next we will mention the pis* as p}/£7",
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The MET is also one of the most complex variables to reconstruct, since it
is very sensitive to detector malfunctions, energy resolution of all particles
(hadrons, leptons and photons), and particles crossing poorly-instrumented
regions of the detector. To obtain the best definition of MET the energy cor-
rections applied to the jets (JEC) must be propagated to the MET, as well as
corrections to the scale of the particles that are not clustered into jets.
Filters to the MET are applied that remove pathological events from data,
and are described in the next chapter.

4.6 Top quark reconstruction

In order to analyse the kinematics of singly produced top quarks, the four-
vector of the top quarks momenta have to be reconstructed from the decay
products. Top quark has a peculiar signature thanks to its very short life-
time (~ 102" s), as it can always be assumed to decay ¢ — bIV before hadro-
nisation. The reconstruction is done through the hadronic channel, which
means the one involving a W decaying in a couple of quarks.

Three reconstruction methods for the top quark are used in this analysis:

¢ top merged, where all three quarks are reconstructed in only one fatjet
(top-tagged jet ), see also fig. [4.6|;

* top partially-merged, where the quarks are reconstructed in a fatjet
originated from the W ( W-tagged jet ), and a narrow jet from the b
quark ( b-tagged jet ), see also fig.[4.7}

* top resolved, where the quarks are reconstructed in three distinct nar-
row jets, one per each quark, with at least one b-tagged jet, see also

fig.

Top quark decay products can overlap completely or partially. In order to
consider all possible cases, this analysis looks for events with AKS jets and
AKH4 jets, identified as originating from top quarks, using a Machine Learn-
ing approch to improve the selection provided by the tagging algorithms.

4.6.1 Boosted Decision Trees

For the purpose of reconstructing and identifyng top quarks starting from
the jets elaborated by the anti-kr algorithm a Machine Learning approach
was used.

A Machine Learning algorithm receives as input a set of discriminating vari-
ables, each of which individually does not allow to reach an optimal selec-
tion power. The algorithm computes an output that combines the input
variables. The discriminant output value is taken as a test statistic and is
then adopted to perform the signal selection, which is implemented as a cut
on the value of the discriminant.

The computation of the output value, given the input variables, is based on
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root node
100-100

Figure 4.5: An example of a decision tree. Each node represented as an el-
lipse contains a different number of signal (left number) and background
(right number) observations. Applied requirement are represented as rect-
angular boxes [87].

a number of parameters which can often be very large. The choice of the
parameter values is a key task of the algorithm since an optimal choice al-
lows achieving the best possible performances. The usual strategy consists
in tuning the discriminant parameters providing as input to the algorithm
large datasets distributed according to the hypothesis allowed. By compar-
ing the discriminant output to the true origin of the dataset, the parameters
are modified. This process is called training, and algorithms that use such
training samples are called supervised algorithms.

For Top quark reconstruction a Boosted Decision Tree [86] was employed, it is
a supervised algorithm based on elementary units called decision trees.

A decision tree is a sequence of selection cuts that are applied in a specified
order on a given variable datasets. Each cut splits the sample into nodes,
each of which corresponds to a given number of observations classified as
signal or as background. A node may be further split by the application of
the subsequent cut in the tree. Nodes in which either signal or background
is largely dominant are classified as leafs, and no further selection is applied.
A node may also be classified as leaf, and the selection path is stopped, in
case too few observations per node remain, or in case the total number of
identified nodes is too large, and different criteria have been proposed and
applied in real implementations. A schematic view of the process is showed
in fig. Selection cuts can be tuned in order to achieve the best split level
in each node according to some metrics, for example Gini index or cross en-
tropy, and then the gain due to the splitting of a node A into the nodes B;
and B,, which depends on the chosen cut, is given by:

AT = I(A) — I(By) — I(B), (4.5)

where I denoted the adopted metric.

A Boosted Decision tree improves the learning process of a Decision Tree
iteratively adding a new tree to a forest accordly to the Boosting procedure.
The boosted procedure consists in different steps:
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¢ Training observations are reweighted using the results of the previous
trees.

* A new tree is built and optimized using the reweighted observations
as a training sample.

* A score is given to each tree.

¢ The output of the final BDT classifier is the weighted average over all

trees in the forest:
Ntrees

y(@) = ) wC(@), (4.6)

k=1

where y(7) is the final output and C®)(7) is the output of the k-tree.

The boosted procedure used is called the XGBoost, the different boosting
depend on the different methods used to compute the weight w.

To improve the efficiency of the BDT algorithm the following parameters
have been set:

¢ maximum depth of a tree = 4;

* learning rate = 0.1;

¢ the minimum sum of instance weight needed in a child = 4;
* number of trees equal = 100;

¢ L1 regularization term on weights (o) = 0.01.

Three separate training sessions have been performed for the configuration
in[4.6] in addition each configuration is divides in three sub-categories based
on pr of the Top quark candidates: low py (pr” <350 GeV), medium pr
(350< pr <700 GeV), high pr (pr” >700 CeV).

For the training MC datasets are used, in particular three VLQ T left-handed
samples with three different mass hypotheses (700 GeV, 1000 GeV, and 1800
GeV) to ensure a large enogh dataset for each of Top quark configurations.
As background also simulated signal events are used, jets did not match
with a Top quark are selected.

4.6.2 Top quark merged

For the top quark merged configuration the entire AK8 jet collection is used.
In the training samples, at most one fatjet for event is matched with a top
quark that is labelled as true event, any other fatjet is labelled as false event]
The sets of variables used as input for BDT algorithm are:

It is worthy to emphasize that the term event may lead to same confusion. In the context
of the training frue and false event refers to a single fatjet used during the learining process
of ML algorithm, while in the context of the physics analysis usually refers to a collision
event containing several jets and fatjets.
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Figure 4.6: Top quark merged configuration.

Figure 4.7: Top quark partially-merged configuration.

¢ Fatjet 4-momenta: pr, ¢, n, M;
* Fatjet top-tag discriminator.

The training results are shown in fig. 4.8 and As one can expect, the top
quark merged reconstruction works quite well because in this configuration
the top-tag variable is an important discriminator that leads the training
process facilitating its work, especially in the high p; category when the
quarks are produced more collimated.

4.6.3 Top quark partially-merged

For the top quark partially-merged configuration the entire AKS jet collec-
tion is selected and one-by-one matched with an AK4 jet. Since narrow jets
can be contained in a fatjet, every AK4 jet in the R = 0.8 cone around the
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Figure 4.8: ROCs for the top quark merged configuration, from up: low pr,

medium pr, high pr.
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4.6. Top quark reconstruction 67

fatjet centroid is rejected to avoid the overlap.

The fatjet has to be W-tagged while the narrow one b-tagged, the deepAKS
algorithm provide two continuous variables on which can be applyed a cut
during the selection, but here we choose to used these variables as input in
the BDT algorithm. The following variables are used:

¢ Fatjet 4-momenta;

Fatjet W-tag discriminator;

¢ Narrow jet 4-momenta;

Narrow jet b-tag discriminator;

the summed momenta of the narrow jet and the fatjet.

In fig. and are shown the training results. This is the more complex
category to reconstruct, how can be seen from the output value behavior.
The descrimination is acceptable in low and medium pr range.

4.6.4 Top quark resolved

Figure 4.10: Top quark resolved configuration.

The last category described is the top quark resolved. For this one only
AK4 jets are used, every triplet of jets is selected as top candidate.
For the reconstruction at least one b-tagged jet is required, the best b-tag
variable of the three jets is used as input variables for the BDT algorithm.
The variables adoperated are:

¢ First narrow jet 4-momenta;
* Second narrow jet 4-momenta;

¢ Third narrow jet 4-momenta;
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¢ the summed 4-momenta of the three jets;

¢ the highest b-tag discriminator of the three jets.

Also in this case the training results are reported , fig. 4.14/ and 4.13| The
discrimination acts well enough in medium p; range, but very poorly at
high pr. In the case however, this configuration is much less likely with
respect to the other two.
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Figure 4.14: Histograms of output values of BDT models for top resolved.
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Chapter 5

Analysis strategy

In this chapter will be described the analysis strategy used to extract the
number of signal events.

The data sample used has been collected by CMS in 2018, while simulated
samples with the Monte Carlo (MC) technique have been used to estimate
the background and the signal contribution. For the signal, several simu-
lated samples have been used to probe different mass hypotheses for the
Left-Handed VLQ T and for the ¢ scalr mediator in DM production.

First an event selection optimized for the signature of interest is described.
The reconstructed transverse mass, defined later on in this chapter, is then
used as discriminant to preform a maximum likelihood fit to data in the sig-
nal region in order to extract signal event yield.

In the end, 95% confidence-level upper limits on the corresponding produc-
tion cross-sections are obtained.

5.1 Data and simulation samples

The analysis is performed using data collected by CMS in 2018. The data
sets used are shown in table where JetHT refers to the trigger used to
select the data.

Dataset Integrated luminosity ( fb™")
/JetHT /Run2018A-02Apr2020-v1/NANOAOD 14.00
/JetHT /Run2018B-02Apr2020-v1/NANOAOD 7.10
/JetHT /Run2018C-02Apr2020-v2/NANOAOD 6.94
/JetHT /Run2018D-02Apr2020-v1/NANOAOD 31.93

Table 5.1: List of pp collsion datasets collected by CMS in 2018 with corre-
sponding luminosity.

73
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b

v/ q

Figure 5.2: Feynman diagram of ¢ process.

5.1.1 Background description

The main background sources considered for this analysis are:

* 7 + Jets, processes where a couplr of jets are produced in association
with neutrinos coming from the decay of Z boson, fig. This pro-
cess rappresent the main background because the jets produced can
be mistaken for a top quark;

* {t processes, pair production of a top quark and a top antiquark shown
in fig. In particular when one top quark decays through the lep-
tonic channel, t — bW — blv, the charged lepton might in some cases
end failing the reconstruction or identification requirements mimick-
ing, with the neutrino, the invisible part of the signal event.

* W + Jets processes, fig. can fake the signal topology in the same
way as tt processes, when lepton decayed from W is not reconstructed,
and if the gluon is emitted close enough to the couple of b-jets it might
be misidentified as a top jets.
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{T

Figure 5.3: Feynman diagram of W + Jets background.

5.1.2 Signal and background simulation

The signal and the main background events are taken from MC simulations
using different software frameworks in order to:

* generate matrix elements either at leading order corrections (LO) or
at next-to-leading order corrections (NLO), with Madgraph [88] or
POWHEG [89];

¢ generate and simulate the hadronization of particles in the final state
produced in pp collisions, in order to reproduce accurately the event
properties of a wide range of processes, with Pythia [90] or Herwig
[01];

¢ simulate particle interaction with CMS sub-detectors, with GEANT 4
[92].

The signal event samples are generated using Madgraph and Pythia, in or-
der to have processes at leading-order (LO). Different event samples have
been used in the analysis, in tables|5.2|and 5.3/ are shown the datasets with
LO cross-sections.

The t¢ pair production processes are generated with POWHEG matched to
Pythia, evaluating their cross sections at the next-to-next-to leading order
(NNLO) in perturbative QCD.

W+ Jets, and Z + Jets samples are generated with the Madgraph tree-level
matrix-element generator matched to Pythia, their cross section are calcu-
lated at leading order (LO). The simulation of both samples is divided into
ranges of Transverse Hadronic (HT) energy,i.e. the linear sum of hadronic
energy of theevent HT =} . . | P|, to increase the statistics in the regions
with lower cross section, and therefore in high /s-region.

Simulated MC samples for background processes used in this thesis are
listed in table 5.4 with the corresponding cross-sections.
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T mass ( GeV) Cross-section ( pb)

700 7.8 x 1072
1000 1.4 %1072
1300 3.25 x 1073
1600 9.4 x 1074
1800 4.4 %10~

Table 5.2: Simulated T samples employed in the analysis with their corre-
sponding production cross sections.

p mass ( GeV) Cross-section ( pb)

50 0.70
500 43.85 x 1074
1000 24.99 x 107°

Table 5.3: Simulated DM samples employed in the analysis with their cor-
responding production cross sections.

5.2 Event selection

In the following subsections the selection strategy to extract signal event is
presented.

5.2.1 Preselection

The first step of the analysis consists in a coarse selection of signal-like
event, composed of a series of requirements to reject topologies significantly
different from the searched signature. The first requirement on data in-
cludes a set of HLT conditions based on MET and HT. The request consists
of the logical or between four conditions:

e PFMETNoMu120_PFMHTNoMu120_IDTight;
e PFMET120_PFMHT120_IDTight;

¢ PFMETNoMu110_PFMHTNoMu110_IDTight;
e PFMETNoMu110_PFMHTNoMu110_IDTight.

After trigger requirements, a set of filters are applied to reject events with
anomalous MET signals coming from bad reconstruction. After this step, a
selection is applied to identify the category it belongs to: event with one top
quark merged, event with one top quark partially-merged, event with one top
quark resolved.
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Sample Cross-section ( pb)
tt (semilep) 364.3
tt (HT 700-1000) 80.5
tt (HT 1000-Inf) 21.3
Z + Jets (HT 100-200GeV) 280.35 x 1.37
Z + Jets (HT 200-400GeV) 77.67 x 1.52
Z + Jets (HT 400-600GeV) 10.73 x 1.37
Z + Jets (HT 600-800GeV) 2.56 x 1.04
Z + Jets (HT 800-1200GeV) 1.18 x 1.14
Z + Jets (HT 1200-2500GeV) 0.29 x 0.88
Z + Jets (HT 2500-Inf GeV) 0.007 x 0.88
W + Jets (HT 70-100GeV) 1353.0 x 1.21
W + Jets (HT 100-200GeV) 1345 x 1.21
W + Jets (HT 200-400GeV) 359.7 x 1.21
W + Jets (HT 400-600GeV) 48.91 x 1.21
W + Jets (HT 600-800GeV) 12.05 x 1.21
W + Jets (HT 800-1200GeV) 5.501 x 1.21
W + Jets (HT 1200-2500GeV) 1.329 x 1.21
W + Jets (HT 2500-Inf GeV) 0.03216 x 1.21

Table 5.4: SM background samples and their cross-sections. The W + Jets

samples cross sections is multiplied by the scale factor obtained from the
ratio NLO over LO cross section.
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Figure 5.4: My, p'?%, Niop, and p}! T distributions in CR for top quark merged
category with VLQ T signal.

The aim of the search is to select event with high MET values due to gener-
ated invisible particles. Every event collects MET due to different reasons,
one of these can be the not perfect jet energy reconstruction: a request on
the angle in the transverse plane between MET and jets are made.
Moreover, no leptons are present in the final state, therefore a veto based on
reconstructed electrons and muons are added.

The preselection cuts used are:

° p{‘ﬁET > 200 GeV;
° mz’n(A¢(jet7MET)) < 0.6;

* lepton veto, no muon or electron candidates passing tight ID ( Ta-

bles [T [£2).

During the data taking in 2018 there was a malfunction in a detector region,
to take this into consideration some events have been rejected and the MET
has been reweighted, after the preselection of the events.
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Figure 5.7: Cut flow histogram for T samples with T mass of 1300 GeV. In
the first 3 bins are reported the fraction of events passing the correspondent
pre-cut, in the last 6 bins are reported the number of selected event per each
category of signal (merged, partially-merged, resolved) in SR and CR.

5.2.2 Top quark selection

After the preselection cuts described above, the event is submit to a selec-
tion to identify its category: top quark merged, top quark partially-merged,
top quark resolved.

Firstly all top quark candidates are reconstructed, and the BDT selection is
applied. For each of BDT model a threshold value is found to discriminate
signal (true top quark) from background (false top quark) that reduce the
background rate to 10% (Loose) and 1% (Tight) of the pre-cut yield.

The BDT scores of all top merged candidates are evaluated; In order to clas-
sify the event one top quark is selected:

1. the BDT score for top merged candidates are evaluated and compared
to the correspondent threshold value;

2. if no top merged is selected, all top partially-merged are subsequently
looked through;

3. finally, if not even one top partially-merged is identified, a top re-
solved is searched for.

The procedure is applied with both loose cut and tight cut at BDT selection
level.

5.3 Signal and Control regions

The three regions taken into account (one top quark merged, one top quark
partially-merged, one top quark resolved) have been divided into further
two regions:

 Signal Region (SR), enriched in signal events;
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Figure 5.8: Mz, pi, ip, and p} FT distributions in SR for top quark merged
category with VLQ T signal.

¢ Control Region (CR), enriched in background events.

These two regions are characterised by the number of jets in the forward
region of the detector, forward jets. A forward jet is a narrow jet with the
following features:

o ;t > 40 GeV;
* 2.4 < |njet| < 4.0;
e jet_Id <2,

where jet_Id is a set of requirements by the CMS Jet reconstruction group
to reject fake jets. The SR is made of events with at least 1 forward jet, while
the CR collects events with 0 forward jets. As can be seen in the diagrams
in fig.[#.T]and .7 in the signal events a spectator quark is present and it can
be detected in the forward region.

We do not apply any requirement but study separately events with 0 and
at least 1 forward jets. The selection results are reported for different recon-
structed variables:

* pr of the reconstructed top;
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¢ 7 of the reconstructed top;

MET.
* pT 7

e reconstructed transverse mass,

Miransverse = \/2p§?p ' pjj\“/[ETU- — CCOs A¢top,]\/fET)7 (51)

that in VLQ T case corresponds to the reconstructed T mass, while in
DM case to the reconstructed ¢ mass.

In fig.[5.7]is rapresented the cut flow histogram for simulated T sample in the
hypothesis mass of 1300GeV, in which the number of survived and selected
events is reported. The survived events are divided according to the pre-
cut, obviously the number depends also by the order in which the cuts are
applied. The selected events are divided in CR and in SR, as well as top
quark reconstruction categories.

Background extraction

Systematic effects can affect both the yield and shape of the background and
the signal predictions. To take into account possible background uncertain-
ties, the correction has been derived from data in the CR.

Firstly, a requirementto reduce the contribution from jets in the region with
n > 1.6 has been applied, to remove fake jets that came as results of a known
malfunctioning of a section of the hadronic calorimeter in 2018. Then recon-
structed top quarks in the same region are also rejected.

Moreover, a reweighting based on p}'#* distribution is done. Considering
the two thresholds in BDT score used for top quark reconstruction[5.2.2, we
extract events with 1 top quark loose and 0 top quark tight, where loose
(tight) is referred to top quark selected with the corresponding treshold,
in CR. In this region, almost exclusively background events is expected,
therefore, the pJ'*7 of selected data have to be compatible with simulated
background. Finally, a scale factor is extracted applying the compatibility
request:

SF; = ldata (5.2)

Nbkg,i
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Figure 5.10: Mz, p'?, nip, and p)FT distributions in SR for top quark
partially-merged category with VLQ T signal.

where i is the i'" bin of the MET distribution. This weight is then applied to
all background events. In fig.[5.9]is shown the SFs for each bin.

The comparison beetwen the distribution of M, before these data driven
correction and after can be observed in fig. . The final distribution
obtained for event reconstructed with tight cut is reported for the chosen
variables for each category of reconstructed top quark and both considered

signals in the CR (5.4}5.6) 5.15) and SR (5.8 and [5.17). For

the readability of the histograms only three signal samples are rapresented
instead of the five used in the analysis.

5.4 Fit procedure

For the fit two hypothesis have been considered:

¢ null hypothesis, H,, assumes absence of new physics, therefore the
signal is absent or too little to be detected;

¢ alternative hypothesis, #;, assumes the presence of new signal.

An extended binned Maximum Likelihood fit to data has been per-
formed on reconstructed transverse mass )My simultaneusly in the 3 Signal
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Figure 5.11: My distribution in SR for merged category with VLQ T signal,
on the left is showed the histogram before background extraction and on
the right the same histogram after.

and Control Regions chosen, considering 5 points of T mass from 700 GeV
to 1800 GeV and for 3 points of ¢ mass from 50 GeV to 1000 GeV.

The likelihood L£(0bs|u, 6) is the product of a Poissonian distribution multi-
plied a second term that represents the signal and background models:

Nevents

/C(m’,usignala 0) = P(nobsa ,usignal . 3(9) + b(e)) H f(mk|,usignal7 9), (53)

k=1

where s(0) and b() are the expected yields of the signal and background,
that depend on the set ¢ of distribution parameters. The quantity jisigna is
the signal strength, it is expected to be 1 if H, is false, while it is equal to
0 if #H, is false. The function f(my|signa, ) is a combination of Probability
Densitiy Functions (PDFs) for the signal and for the background:

p-s(0) b(6)
w-s(6) +b(6) p-s(0) + b(8)

In this analysis rate parameters have been introduced for the backgrounds
to take into account systematic effects that might alter the total yield of the
backgrounds. Variations on the shape are taken into account by the shape
extraction described in section (5.3). With the rate parameters the function
f(mg|p, 0) becomes:

f(mi|p, 0) = fs(my|0) + Hlmel0).  (5.4)

) __ pes®)
f(mk|:u7 Mty UZ+Jetsy HW+Jets» ‘9) - [ 8(9) + b(@) fs(mkw)
lutt uiZ—i-Jets ) biZ-l—Jets 7
+ Z |: )fbtt (mkle) /1/ . 8(9) + b(@) be+Jets (mkle)

M%’V—&-J@ts i b%/[/—i—(]ets i
0 5.5
* T 8(9) + b(g) be+Jets (mk’ ) ) ( )

where i corresponds to 6 regions defined before, in order to have that every
parameters are independent.
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Figure 5.12: Mz, p'?%, tp, and p)/ET distributions in SR for top quark re-
solved category with VLQ T signal.

Since no excess related to the production of a new particle is observed, and
the data are compatible with the H, hypothesis of only background, the up-
per limits are estimated on the production cross sections and the branching
ratio of the process ' — tZ and t + DM. Expected and observed upper
limits on the signal cross-section as a function of the mass of the scalar me-
diator ¢ and the VLQ T mass are derived at 95% ctonfidence level (CL).
The limits are evaluated with the Combine tool dedicated software,
which is able to provide a measure of the level of incompatibility of data
with a signal hypothesis. The modified frequentist method has been
used to measure the expected and observed upper limits. As test statistic is
used the profile Likelihood ratio:

q,u = _2 hl )‘(,U/szg) (56)

where,

~

L(m|u,0(w))

M) = =l 0)

) (5.7)

fiand 0 are the best fit values observed from the data sample, while § are the
best fit values of the nuisance parameters obtained for a fixed value . The
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Figure 5.13: Mgz, pi*, 1iop, and p}FT distributions in CR for top quark
merged category with DM signal.

profile Likelihood test statistic is the most powerful discriminator, minimiz-
ing the error of type-II, i.e. H; is accepted while #, is true, at a significance
level a. If g, is higher than O the events appear to be under the H, hy-
pothesis, while if it is lower than 0, they are more compatible with the #;
hypothesis.

The limits on signal events are estimated using modified frequentist method
CLs. The confidence level for the signal can be defined as the ratio between
the confidence level observed for the signal and background hypothesis,
CLgp, and the confidence level observed for the background-only hypoth-
esis, C'Ly:

CLs+b

CL,

CLy is the probability to have for a given value of ;, a value of the test
statistics equal or larger than the value observed in the experiment, under
the hypothesis H,:

CL, (5.8)

CLy = Py(qu > ),

and CLg,, is defined as the probability to have, for a given value of 1, a
value of the test statistics equal or larger than the value observed in the
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Figure 5.14: Mgz, pi*, 1iop, and p}FT distributions in CR for top quark
partially-merged category with DM signal.

experiment, under the hypothesis #;:

CLgy = Ps—i-b(q > qObs)'

The limits have been computed at 95% of CL and shown in fig.[5.18and [5.19
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Figure 5.15: Mgz, pi, 0i0p, and p}?FT distributions in CR for top quark re-
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Conclusions

In this thesis a search for a final state composed by a singly produced top
quark in association with invisible particles is presented. The search is per-
formed using a data set collected by the CMS experiment at the LHC in
2018, at a centre-of-mass energy of 13 TeV, and corresponding to an inte-
grated luminosity of 59.7 fh™'.

The final state considered is motivated by several theoretical frameworks
aiming at extending the Standard Model of particle physics, and the work
presented focuses on two of those particular: the single production of the
VLQT and its decays into a top quark and Z boson, and the DM production
through its coupling to the top quark.

In both cases a striking feature of the final state is the presence missing en-
ergy, due to the couple production of DM, xy, or to the couple of neutrinos
coming from Z decay, vv. The second striking feature is the presence of a top
quark decaying to t — bW — bqq'. The goal of this work was to define new
idetification criteria for the top quark reconstruction for the hadronic decay-
ing of top quark making use of Machine Learning algorithm, to enhance the
performances of the search and increase its discovery potential. Three dif-
ferent ways of reconstruction have been taken into account depending on
the number of jets in the final state. The top quark merged is characterized by
a single large radius, or AKS, jet; the top quark partially-merged by one AkS8
W-jet and one narrow radius, or AK4, b-jet; finally the top quark resolved is
characterized by three distinct AK4 jet with at least one coming form a b-
quark hadronization.

Two different methods can be used to apply top quark selection in one of the
three categories: a standard "cut-based" selection making use of traditional
jet reconstruction and identification criteria, or a ML selection that can take
into account the deep tagging and kinematic variables of jets.

In this thesis the ML approch was used, a binary classification was imple-
mented to select the true top quark candidate in each of the three categories.
Events were selected where at least one top quark defined according to the
ML identification criteria was present. In case more than one top quark was
reconstructed, a hierarchy was established according to the following order:
top quark merged, then top quark partially-merged, and finally top quark
resolved.

The transverse mass, My was reconstructed in the events labelled as signal
by the selection. The signal regions have been chosen considering the num-
ber of forward jets, which is expected be greater than one for the signals and
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equal to zero for the background.

A binned maximum likelihood fit to data is performed simultaneously on
the My distribution reconstructed in all regions and for different mass hy-
potheses for both signal models considered. Upper limits on the cross sec-
tions have been estimated at 95% C.L., since no significant excess related to
the production of new particles has been observed.

The first future development of this analysis is the introduction of system-
atic uncertainties to take into account the dependence from simulated data
sets and experimental effects.

The analysis is also expected to be extended to the data collected by the
LHC in RunlI and in the upcoming years. In fig. and are showed
the projected 95% C.L. upper limits when the whole RunlI data set is con-
sidered, with the integrated luminosity of 137.19 fb~!, and when also the
future Runlll, expected for the three-year period 2022-2024, will be taken
into account.

Further developments include using a different ML approach, in paricular
using a classifier algorithm that will not only reconstruct the top quarks, but
also choose optimal reconstruction strategy.

The analysis may be extended in both cases considering the leptonic chan-
nel of top quark decay, ¢t — bW — blv, in order to consider all the possible
top quark reconstruction ways. Also the frameworks taken into account al-
low different interpretations of the results, such as a pseudoscalar o vector
mediator boson can be considered in DM production case.
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