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Abstract

A search for heavy resonances coupling exclusively to top quarks (top-philic) is pre-
sented. These resonances are predicted by extensions of the Standard Model of particle
physics which, among other things, attempt to explain the Higgs boson mass in a “natural”
way which does not require as much fine-tuning as is presently necessary. The analysis
focuses on final states with three or four top quarks in the single lepton channel and makes
use of 139 fb ! of proton-proton collision data collected by the ATLAS detector between
2015 and 2018 at a center-of-mass energy of 13 TeV. No signs of new physics are observed
and therefore limits are set on the production cross section of top-philic resonances with
masses between 1 and 3 TeV. The observed (expected) limits range from 21 (14) fb to 119

(86) fb depending on the choice of model parameters.
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1. Introduction

The Standard Model of particle physics is a theory which classi es all fundamental
particles based on their properties and introduces rules that determine which interactions
between them can occur and at what rate. The Standard Model has been veri ed exper-
imentally with high precision by particle physics experiments, such as the Large Hadron
Collider (LHC) at CERN, the European Organization for Nuclear Research. When particles
such as protons collide at high energies, new particles are created, which can be studied
to test the predictions of the Standard Model. Despite its success, the Standard Model
also presents some shortcomings. One of its weak points is the extreme ne-tuning that is
necessary to explain the mass of the Higgs boson. Some theories have been proposed to ex-
tend the Standard Model such that the Higgs boson mass emerges in a more natural way.
Many of these theories involve top-quarks, since they have the strongest interaction with
the Higgs boson. In this thesis, we focus on extensions of the Standard Model predicting
the existence of new heavy resonances which couple exclusively to top-quarks ( top-philic ).
These resonances would be produced in association with either one top-quark or a top-
/antitop-quark pair, and would decay to a top-/antitop-quark pair, resulting in a three or
four top-quark nal state. Each top-quark then decays to aW boson and ab-quark, the W
boson subsequently decaying to a lepton/neutrino pair or a quark pair. This thesis presents
a search for heavy top-philic resonances in the nal state with one lepton using data col-
lected by the ATLAS (A Large Toroidal LHC Apparatus) detector at the LHC between
2015 and 2018 at a center-of-mass energy of 13 TeV. Preliminary studies in the same-sign
dilepton channel will also be presented.

In order to increase the potential for discovery of new physics, as well as to re ne
precision measurements, more data is needed. This is why the LHC is planning a major
upgrade, which is projected to start installation in 2026 and running in 2029: the High-
Luminosity LHC (HL-LHC). The intended peak luminosity for this upgrade is 3.5 times
higher than that achieved in 2018 L, 2]. At the end of anticipated HL-LHC Runs, the total

integrated luminosity will be 4;000fb !, which is about 29 times more than the 2015-2018
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data. Many of the detector systems will be upgraded in order to address the radiation and
readout challenges imposed by the HL-LHC. In particular, the entire tracking system for
the ATLAS detector will be replaced by the new Inner Tracker (ITk). Many analyses will
bene t from these upgrades, such as the search for top-philic resonances described above.

This thesis will start by describing the Standard Model in Chapter 2 before going over
the extensions to the Standard Model which are relevant to top-philic resonances in Chapter
3. The theory behind patrticle collisions and simulation will be discussed in Chapted.
The LHC and ATLAS will be described in Chapter 5. In Chapter 6, some work on data
acquisition software for the 1Tk strip detector will be shown. Finally, the analysis searching
for top-philic resonances will be presented in Chapter.

Experimental collider physics being a highly collaborative eld, the results presented in
this thesis involve all member of the ATLAS Collaboration, as evidenced by the author list
in every ATLAS publication. The work presented in Chapters 6 and 7 was carried out by

myself, working in small teams within the ATLAS Collaboration.



2. The Standard Model of particle physics

2.1 Particle content
2.1.1 History

The discovery of the electron by J. J. Thompson in 18983 set in motion a series of
scienti ¢ advancements that would eventually lead to the development of the Standard
Model (SM) of particle physics H]. In the early 1900's, physicists like Max Planck and
Niels Bohr laid the foundations for quantum mechanics, while Albert Einstein developed
special relativity, both of which were crucial for the construction of the SM. At the same
time, the model of the atom as a nucleus surrounded by electrons started to emerge. By the
1930's, three fundamental particles were believed to exist: electrons, protons, and photons.
In 1928, Dirac combined quantum mechanics and special relativity to describe the electron
in what is now referred to as the Dirac equation . In 1937, the surprising discovery of the
muon [5] (although it was not immediately recognized as such) demonstrated that there
are indeed other fundamental particles besides electrons, protons, and photons. In the
1940's and 1950's, a plethora of new particles were discovered, such as the pion, the kaon,
and many more. A few important theoretical milestone followed. In 1954, C.N. Yang and
Robert Mills developed gauge theories §], which would later form the basis of the SM. A
few years later, between 1957 and 1959, Julian Schwinger, Sidney Bludman, and Sheldon
Glashow postulated the existence of charged heavy bosons to mediate the weak interaction
[7, 8, 9]. Then, between 1962 and 1964, Murray Gell-Mann and George Zweig proposed the
idea of quarks L0, 11]. That same year, Robert Brout, Francois Englert, and Peter Higgs
suggested a mechanism to explain the masses of the weak interaction bosah® [L3], giving
rise to the idea of the Higgs boson. A related theory of electroweak uni cation was put
forth by Steven Weinberg and Abdus Salam in 196714, 15]. In the 1970's, the theory was
formalized even further by the formulation of Quantum Chromodynamics, describing the
strong interaction, and the rst reference to the SM. In 1974, act resonance, thel= , was

discovered independently, on the same day, by Burton Richter's and Samuel Ting's groups



[16, 17]. From this followed a second wave of particle discoveries, including many particles
containing ¢- and b-quarks, as well as the gluon, which con rmed the theories developed in
the previous years. The electroweak boson$Y and Z° were nally discovered at CERN

in 1983 [18, 19, 20, 21] and the last quark, the top-quark, was discovered in 1995 at Fermilab
[22, 23]. The SM was ultimately completed by the discovery of the Higgs boson in 2012 at

CERN [24, 25|, more than 50 years after it had been postulated.

2.1.2 Properties

There are two main groups of particles in the SM: bosons and fermions. This classi ca-
tion is based on an intrinsic property called spin, which, for elementary particles, can take
the value 0, 1=2, or 1. Particles with integer spin are bosons, while those with half-integer
spin are fermions. Fermions and bosons act di erently in interactions.

An interaction between particles can be viewed as the exchange of a boson. Therefore,
the spin-1 bosons in the SM are called force mediators. Each boson is responsible for
mediating a speci ¢ force: the photon carries the electromagnetic force, the gluons the
strong force, and theW and Z bosons the weak force. Each force has an associated charge
which particles must have in order to participate in that interaction: electric charge for the
electromagnetic force, color charge for the strong force, and weak isospin for the weak force.
If a boson carries the charge corresponding to the force it mediates (which is the case for
the gluons as well as theW and Z bosons), then it can interact with itself.

The fermions are the particles that make up matter and are separated into two cate-
gories: quarks and leptons. The main di erence is that quarks have color charge, whereas
leptons do not. This means that quarks can interact with gluons through the strong force.
Both quarks and charged leptons can interact via the electromagnetic and weak forces.
Quarks have fractional electric charge ( 2=3 or 1=3, where the fundamental chargeg, is
taken to be 1), whereas the leptons have integer charge (1 or 0). There are three genera-
tions of quarks and leptons, where patrticles in di erent generations have similar properties

but di er in mass. For example, the top-quark (third generation) is about 80; 000 times
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more massive than the up-quark ( rst generation). For each of these patrticles, there exists
a matching antiparticle with opposite charges.

The Higgs boson is unique because it is the only known elementary spin-0 particle. The
eld associated with the Higgs boson is responsible for the masses of other fundamental
particles. All particles which interact with this eld have mass, with more massive particles
interacting more strongly.

Figure 2.1 shows all fundamental particles in the SM and Table2.1 summarizes their

properties.

Figure 2.1 : lllustration of all fundamental particles in the SM [ 26]. Antiparticles are not
shown.



Table 2.1: Properties of fundamental particles in the SM. Antiparticles are not shown,
they have the same properties as the corresponding particle but with an opposite electric
charge. Masses are from the Particle Data GroupZ7].

Name Symbol | Spin Mass Electric charge

Up u 1=2 2.16 MeV 2=3

Down d 1=2 4.16 MeV 1=3
Charm C 1=2 1.27 GeV 2=3

Strange S 1=2 93 MeV 1=3
Top t 1=2 173 GeV 2=3

Bottom b 1=2 4.18 GeV 1=3
Electron neutrino e 1=2 < l:leV 0
Electron e 1=2 | 0.511 MeV 1
Muon neutrino 1=2 | < 190keV 0
Muon 1=2 106 MeV 1
Tau neutrino 1=2 | < 182 MeV 0
Tau 1=2 1777 MeV 1
Photon 1 0 0
Gluon g 1 0 0
Z boson Z 1 91.2 GeV 0
W boson W 1 80.4 GeV 1
Higgs boson H 0 125 GeV 0

2.2 Mathematical description
2.2.1 Conventions and de nitions

Before beginning this section, it is useful to establish a few conventions and de nitions
[28]. First, we will be using natural units, where ~= ¢ = 1. Four-vectors will generally
be referred to asx , which is equivalent to (t;x;y;z). Contravariant vectors x can be

transformed to covariant vectorsx through the g metric:

X =g X;



where

0 1
1 000
B %o 10 £
9 “H®o 01 X°
0O 0 0 1
The covariant derivative is de ned as
o @. @000
@x @t@x@y@z '
which implies
_ @, ,
@@= @t+r

We will also make use of the Dirac matrices, which are de ned as

where 1 is the 2x2 identity matrix, and

wherei = x;y;z and ' are the Pauli matrices.

2.2.2 Lagrangian formulation

The mathematical description of the SM uses quantum eld theory and the Lagrangian
approach. In quantum eld theory, each particle type has an associated eld. Starting
from a Lagrangian densityL for a eld/particle of interest (x ), one can apply the Euler-

Lagrange equations

a
@ G@o)

Q@

=0 2.1)

to obtain the eld equation for that particle.



2.2.3 Symmetries

One of the guiding principles of the SM is that the Lagrangian should be invariant under

assumed symmetries of Nature. There are three types of symmetriegd:
" continuous space-time symmetries

discrete symmetries

dynamic symmetries
Continuous symmetries state that the laws of physics should be the same regardless
of time, translation, rotation, and boost. The rst three give rise to the conservation of
energy, linear momentum, and angular momentum according to Noether's theorens().
The invariance under boost requires that all terms in the Lagrangian be written in terms
of Lorentz scalars. For example, terms such a#. B are acceptable, but terms such as
A B are not.

Discrete symmetries include parity (P), time reversal (T) and charge conjugation (C).
We will see that some interactions can violate a subset of these, but the combination CPT
is always conserved.

Dynamic symmetries correspond to invariance under certain unitary transformations
applied to the particle elds. These are the symmetries that guide the structure of the SM.
These transformations belong to the unitary or special unitary groupsJ(n) or SU(n). As
we will see in the following sections, local gauge symmetries corresponding to these groups
are used to derive the fundamental interactions: the electromagnetic interaction from a local
U(1) gauge symmetry, the strong interaction fromSU(3), and the weak interaction from
SU(2)L, where the subscriptL indicates that the weak force only couples to left-handed

particles.

2.2.4 Quantum Electrodynamics

Let us start with the Lagrangian for a free spin-1/2 particle of massm [28]:

Liree =1 @ m; (2.2)



where the particle eld is a 4-component spinor which depends ox . Applying the

Euler-Lagrange equation @.1) to the Lagrangian in 2.2 yields
i @ m) =0;

which is the so-called Dirac equation.

We now require invariance ofL under local U(1) gauge transformation, i.e.

0_ gQ (x) -

where Q is a constant.

Taking the covariant derivative of the transformed eld Cleads to
@ °=é< (@+iQ@ ) :

The second term in the parentheses needs to be cancelled in order to retain invariance of

Lee . Therefore, we introduce a new eldA which transforms as
A=A @

and we de ne a gauge-invariant derivative

D =@+ IiQA
so that
D °=¢é“D
The Lagrangian
L=i D m (2.3)

is now invariant under local U(1) gauge transformation.

The Lagrangian in 2.3 can be rewritten as

L = Ltree Qi A



If we identify the constant Q with the electric charge and the eld A with the photon
eld, we see that the last term expresses the fermion/photon interaction, sinceQ
corresponds to the electromagnetic charge current.

The nal step is to add a kinetic term for the free photons which must be invariant
under the transformation of A . One such term is %F F , where the electromagnetic
eldtensor F isdenedasF = @A @A .

The complete Lagrangian for Quantum Electrodynamics (QED) is therefore

_ — — 1
Loep =i @ m q A ZF F (2.4)
It can be noted that 2.4 contains a mass term for the fermionsiy ) but no mass term of
the form A A for the photons, since this would violate local gauge invariance. This shows

that the photons must be massless.

2.2.5 Quantum Chromodynamics

Quantum Chromodynamics (QCD) deals with particles which carry color charge: quarks
and gluons. In this case, we require invariance under loc&U(3) gauge transformation,
which can be viewed as a rotation in color space. The transformation can be expressed
as

0 ggs™~(x) .
where is a color triplet representing the quark eld, gs is the strong coupling constant,™
are the 8 Gell-Mann matrices 0], and ~ represents 8 functions that depend on the location
in spacetime. It can be shown that the Gell-Mann matrices obey the following commutation

relations:
X
=1 fijk
k

k

i K.
21

22
where thefj are called structure constants.

By analogy with QED, we can already write the quark Lagrangian as

Lq=i D m ;
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where we have de ned the gauge-covariant derivative
D =@+ igsB

with

(the index a going from 1 to 8). The elds b? can be identi ed with the gluon elds. Again,
as in QED, we must add a kinetic term for the gluons. We will use the gluon eld strength

tensor

where
G® = @F @B + gsfikab B
The last term appears because of the non-commutativity of the Gell-Mann matrices. There-

fore, the complete Lagrangian for QCD can be written as
_ _ — 1
Locp =i @ m %Sba( ") 3G, G (2.5)

One aspect worth noting in Equation 2.5 is the mass term for the quarks,m , which
does not violate gauge invariance, but the absence of a mass term for gluons. This shows,
as with the photons, that gluons must be massless. Also of interest is the third term in
Equation 2.5, which expresses the interaction between quarks and gluons. Finally, when
expanding the last term, we obtain three di erent types of terms, which can be interpreted
in terms of gluon actions:

" (@ @PP)(@b.  @b,): free gluon

gs(@P? @ba)fjkaH B¢: 3 gluon interaction

* g2fjkaf '™ Bf by,: 4 gluon interaction
This demonstrates one important di erence between QED and QCD: because the gauge
bosons (gluons) carry color charge, they must interact with themselves, whereas photons

do not carry electric charge and therefore do not have self-interactions.
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It is important to note that although quarks and gluons carry color charge, all observable
particles existing in nature must be colorless. This is known as color con nement. This
means that the quarks must form colorless bound states with other quarks: eithegg states
(mesons) orqqgstates (baryons). When combining 3 possible colors with 3 possible anti-
colors, the outcomes are a colored octet of states and a colorless sing8#][ Mathematically,
this is written 3 3 =8 1. Since mesons must be colorless, the singlet state is the only
possible one. Similarly, for baryons, we havd 3 3=10 8 8 1, where again the
singlet state is colorless and therefore is the only possible bound state. Gluons are always
colored and appear in the octet representation. These 8 colored states correspond to the 8

gauge bosons emerging from the Lagrangian formulation.

2.2.6 Electroweak uni cation

Before describing the Lagrangian formulation for the electroweak (EW) sector, it useful
to introduce a few concepts. We recall that in QED, the termQ was identi ed as the
electromagnetic charged current. This term transforms as a vector. In the weak interaction,

the currents contain both a vector and axial vector component:

i = (v oY) (2.6)

where gy and ga are constants. This is because parity is found to be violated in the
weak interaction, and the only way for that to be the case is to have a current of the
form of Equation 2.6 with ga 6 0 and gy 6 0. For weak currents involving a W boson,
Ov =0a = % which leads to a current of the formj,, = a %(1 %) (commonly known
as a V-A current). The operator %(1 %) can be identi ed as the chirality projection

operator, which projects out the left-handed component of a particle. Therefore, we have

jW = L= L L:
From this, we see that only left-handed particles interact with the W boson. On the other

hand, currents involving aZ boson are not purely V-A and therefore right-handed particles

can participate.
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Let us rst consider left-handed fermions. We de ne the weak isospinT to be the

charge of the weak interaction and therefore express the particle states a6 = % isospin
!

doublets: | = ' The upper component 31 has the third component of isospinT;
2

equal to + 3, while the lower component , hasTz = 3.

We now apply a localSU(2),. gauge transformation of the form

P= e 0

where~ and ~ are three-vectors and the components of are the Pauli spin matrices (the
generators ofSU(2) transformations). By analogy with QED and QCD, we can conclude
that this will result in three conserved currents j; = %*L i L and three massless vector
bosons, which we will callw = (W, ; W, ;W;). The interaction term in the Lagrangian
will be of the form Ly, W T .

The physical (though still massless)W* and W bosons do not correspond toN;

and W, directly but are in fact superpositions:
1 .
W) = % (W, iW,): (2.7)

This would seem to imply that W3 corresponds to theZ boson. But this cannot be, since

js=3L 3L=3% 1 1 2 2 onlyinvolves left-handed particles. This is why
the weak sector must be uni ed with the electromagnetic sector to form the electroweak
sector.

Let us de ne the weak hyperchargeY such that Q = T3 + % where Q is the electric
charge. We now requireSU(2), U(1)y gauge invariance, which leads to the interaction
Lagrangian

go

L' = owW T ZiyB; (2.8)

wheregyw is the weak isospin couplingg®is the weak hypercharge couplingB is the U(1)y

gauge boson eld, andj, = \a is the weak hypercharge current. Thew bosons are
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still mixtures of W; and W5 as in Equation 2.7, but now the W3 and B  elds also mix to

give the photon eld A and the Z boson eld Z :
A =B cos w + W3sin w (2.9)

Z = B sin w+ WS3cos w: (2.10)

The angle  is called the Weinberg angle.

Therefore, the full EW Lagrangian (so far) can be written as

1 1

Lew =i7, DT [ +i g DY Z,Wa W, 3B B ; (2.11)

where

0
DT=@+i¥-w +ilvB;
2 2
Y — H 01 .
D'"=@+ig EYRB X
W2 = @W? @W?+ gy jia W WK,
and

B = @B @B :
Note that Equation 2.11 has no mass term for the fermions, as this would violat&U(2),

symmetry, and no mass term for the bosons, as this would violate) (1) symmetry. We will

see in Section2.2.8 how this is xed with the Higgs mechanism.

2.2.7 Electroweak quark mixing

So far, we have considered all fermion generations as independent. However, it is ob-
served that W boson interactions involve generation mixing, for example in the decays
W' ! usand W* ! cd. This means that the components of the EW doublets are not
mass or avor eigenstates.

Let us de ne the quark EW doublets

= : (2.12)



wherei goes from 1 to 3 and represents the generations. Thg states are arbitrary mixtures
of the u, ¢, and t avor eigenstates, and similarly the d; states are mixtures ofd, s, and b.

Using Equation 2.7 along with the de nition = p%( 1 i 2), we can write the interaction

term for the W* boson as

intW * _ — .
LIlg\t/v = ow L o+ W'
Writing this in matrix form and using | from Equation 2.12 we get

! !
Ui

intw * - 01
I_|nt,W - LA i W+
EW 3% Gd o 90 ]
LEw" "= g%UiL di,W™:
This can be rewritten using a 3-component vector as
0 1
. dy
Lew = 8\% U Uz U BoX W (2.13)
ds

We now de ne two 3 3 unitary matrices D and U_ such that

0 1 0 1
uip u

?@Uzg = U %Cg
Us | t,

and

0 1 01
d; d

BbX = D. s (2.14)
ds | b,

This allows us to rewrite Equation 2.13as
‘ d
g = BL uct W DLsk w
b
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If we de ne Vckm = U!Dy, we can write

Odol
Low = B g og Bsx w
2 L
0¥
L
with
0 1 01
d° d
%}S(& = Vckm %DSX :
b L b,

The matrix Vckm is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix [32, 33 and
de nes how much each pair of quarks mixes. The entries in the CKM matrix can be

determined experimentally.

2.2.8 Electroweak symmetry breaking and the Higgs mechanism

As seen in the previous section, the EW Lagrangian forbids mass terms for the fermions
and weak interaction bosons. On the other hand, fermion masses are allowed in QCD and
both fermion as well asW and Z masses are observed experimentally. This indicates that
the SM Lagrangian which we have developed so far is incomplete.

Let us introduce a complex doublet of scalar elds

This is a SU(2). doublet with * having Ts =+ Z andQ=+1, °having T3 = % and
Q =0, and both havingY =1

The Lagrangian for this scalar eld is
L scalar = DT Y DT V() (2.15)
whereD T is the same as in Equation2.11and V( ) is the scalar eld potential de ned as

V()= PV e (V)
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with 2 > 0and > 0. The minimum of this potential occurs on a surface with

2 . . .
( Y )min = — V2 wherev is called the vacuum expectation value, which means there

is a continuum of vacuum states. Let us choose, without loss of generality, one of these
!

0 . , . .
vacuum states ¢ = 191—E v This choice has broken the EW symmetry, since ¢ is no

longer invariant under SU(2),. U(1)y transformations (although it is still invariant under
U(1)q transformations).

Consider a perturbation to the vacuum state, which can be expressed in polar coor-
dinates as

1 i~ 0
= 7(X)~
P3® v+ (X))

where ™ can be imagined as an angular perturbation and as a radial perturbation [34].

We will now apply the so-called unitary gauge, which is anSU(2) transformation chosen

tobe 9= e 2 )~ such that the dependence or" is removed and we are left with

_a 0 .
=P5 o) (2.16)

Substituting this into Equation 2.11, we obtain the following terms of interest:
1 22
L scalar = > @@ +2

+\§ gy (Wh+ W)W, iW,)+(gB  gwW)(dB  gwW;) +:
(2.17)
Identifying each factor of a eld squared with %mz, we see that , which corresponds to
the Higgs eld, has acquired a mass oimy = P 2 2. Using Equation 2.7, we can write
(W+iw?2) (W, iW,) = jw*j2+ jw j? from which we can identify my = Zvgw.
1

q___
Finally, using Equation 2.9 and Equation 2.10, we can identify mz = 5v g\%, + g®. The

photon eld A has remained massless because of the unbrokeifl)q symmetry.
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In summary, we have seen that introducing a scalar eld which spontaneously breaks
the SU(2). U(1)y symmetry results in a new massive scalar boson (the Higgs) and gives

mass to theW and Z bosons, while leaving the photon massless.

2.2.9 Fermion masses

The same Higgs eld can be used to generate quark and lepton masses. Let us take
as an example the down-type quarks. We can add an interaction term to the Lagrangian

which preserves theSU(2). U(1)y symmetry of the form [29
I-isnctalarz GJdiaJ'R Y iL Gicjj 7iLdJ'R;

wherei andj range from 1 to 3 and represent generations39 is a3 3 inter-generational
coupling matrix with complex elements, dr is a right-handed EW singlet, and | is as

de ned in Equation 2.12 Using from Equation 2.16 this equation becomes
. Vv + _ _
LIsnctalar = 49? dJ'RGjOiI dip + diLGiCjj d R

or in matrix form

2 0 1 0 1 3

dq d;
L et = %9 di d ds RGd%)dzg + dy dp ds LGdy%Ddzg %Z

d3 d3

L R

Using again the de nition for D from Equation 2.14 and de ning an equivalent matrix
DR for the right-handed states, we can write

2 01 01 3
| " d d
L0e = P54 d s B RDRVGdDLE@sX + ds b LDLVGdyDR?@sﬁ L.

bL bR

Since D, and Dg are unitary, they can be chosen such that they diagonaliz&s®. This

leaves us with
int - v+ 3 — TIA.
I-scalar - pé (gddd+ OsSS + gbbb7

18



where gg, gs, Oy are the diagonal elements 0DgYGID, .
Identifying the factors of the quark elds squared with the quark massesng (g = d;s;b),
we see that
qV

Mmq = E: (2.18)

The terms 19% g g represent the interaction between quarks and the Higgs eld.

The same process can be applied to the up-type quarks, except using

The equivalent of Equation 2.16is then

I
1 v+ (x
=¥ T
Going through the same steps as with the down-type quarks leads again to Equatic218
It is interesting to note that the same matrices D and U, used to derive the CKM
matrix are also required for the quark mass generation through the Higgs mechanism. This
demonstrates that the processes of quark mixing and mass generation are intimately related.
The process for generating lepton masses is essentially the same as for quarks. The EW

left-handed doublets are de ned as

and the right-handed singlets as i% and “jg, where ioand ;i are mixtures of the mass
eigenstates ;, », zande, , (we use the customary notation where ; are the neutrino
mass eigenstates ande.. are reserved for avor eigenstates, which are di erent from the
mass eigenstates). The equivalent unitary matrices tdJ_.x and D|.r are de ned such that
0 1 0 1
? 1
% g& =D, %) 2£
0
3 L 3 L
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and
0\1 0 1

1 e
%‘2£ =D, E@ X i
3 L L
with similar equations for right-handed states.
Applying the method of mass generation used for up-type quarks to neutrinos and that

of down-type quarks to leptons, we obtain once again

As mentioned above, neutrino avor eigenstates are not the same as the mass eigenstates,
since neutrinos can oscillate between avors. The two eigenstates are related by
0 1 0 1 0 1

E‘P eg =D Yy, %D ;g = Vpmns %D ;g :

L L L

The matrix Vpmns is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix B5,

36]. It can be thought of as the equivalent of the CKM matrix.

2.3 Feynman diagrams

Feynman diagrams (named after theoretical physicist Richard P. Feynman) are a pow-
erful tool to visually represent particle interactions, as well as to carry out complex calcu-

lations.

2.3.1 The building blocks

In a Feynman diagram, each line represents a particle, with di erent types of lines used
for di erent types of particles. In general, straight lines are used for fermions, wavy lines
for photons as well aswW and Z bosons, curly lines for gluons, and dashed lines for Higgs
bosons. These are summarized in Figur@.2. Whenever lines meet into a vertex, this

represents an interaction. In general, one can think of the horizontal direction representing
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time and the vertical direction representing space, which means that incoming particles
are on the left and outgoing particles on the right. Fermion lines are usually drawn with
arrows, where patrticles that enter a reaction (initial state) point towards the vertex, while
those exiting the reaction ( nal state) point away from the vertex. The opposite is true for
antiparticles. Although this might seem to imply that antiparticles are moving backwards
in time, the preferred interpretation is that the arrows point in the direction of the ow
of charge. Figure2.3 shows an example Feynman diagram for &/ boson decaying to an

up-quark and an antidown-quark.

Figure 2.2 : lllustration of di erent line types in Feynman diagrams.

Figure 2.3 : Example Feynman diagram showing aW boson decay.

2.3.2 Calculations using Feynman diagrams

When comparing predictions of the SM with measurements, it is useful to use quantities
such as cross sections (the probability for a process to occur) and decay rates. These
guantities are obtained from the so-called transition probability Wy, which is given by
Fermi's Golden Rule R§:

Wi =2 jMgij? ¢
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In this equation, jMyj is called the matrix element and can be expressed gMyj /
hjUn jf i, wherehij and jf i are initial and nal states, respectively, and Uiy is the interac-
tion potential between the two states. ; is called the phase space and corresponds to the
energy density of nal states.

Feynman diagrams can be used to calculate the matrix elemenMy; j. The rst step is
to identify all diagrams which contribute to the process of interest. The matrix element for
each individual diagram M; is calculated, and the total matrix element is then obtained by
summing all contributions:

0 10 1
My j% = @X M;A @X M; A
j j
In practice, higher order contributions (with larger numbers of vertices) are neglected to
simplify the calculation.

The individual matrix elements M; are determined in the following way. Each external
line is associated with a particle eld, each vertex with a vertex factor involving the coupling
constant for the interaction, and each internal line with a propagator factor which depends
on the momentum transfer g°. The matrix element is then obtained by multiplying all
factors together with an additional factor of i. Table 2.2 shows the vertex and propagator
factors for QED, QCD, EW, and Higgs interactions.

Consider the procesg*e ! *  viathe exchange of a virtual photon as an example

in QED. The Feynman diagram is shown in Figure2.4. Using Table 2.2, we can write

h [ h [

M=i ou)ie o) :‘]’2 TLopoie  (p )

where in this caseq = p, + p,. . The above equation simpli es to

M = gzz(je) ()

where we have useq =
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Table 2.2: Vertex and propagator factors used in Feynman diagrams. The constane
in the QED vertex factor is the elementary charge. Indicesj and k in the QDC terms

represent colors and the indicesx and b represent gluon types. The constantg: represents
the Higgs-fermion coupling constants.

Interaction Vertex factor Propagator
QED ie photon: i(?z

. . . q +m
fermion: I g7 mz

QCD i%s 8 gluon: ic?z ab
EW W boson: i 8% 21 % | W andZ bosons: igofzqiﬂqumz
. . f H
Higgs i & T
et ¥
e
Figure 2.4 : Feynman diagram for processe*e ! *

Next, consider the QCD processuti!  dd via the exchange of a virtual gluon as shown
in Figure 2.5. The matrix element is given by

h ! ig abh gj b

i
M =i Uj(%)i%sﬁ( aP) —g a(Pi< i dm(Pa)

g2 o
M = 45‘2 &% BGu) Ga)

P
The only di erence compared to QED is the factor 8 . % im» which is called the

color factor.

2.4 Top-quark and its decay

Since the analysis presented in this thesis involves multiple top-quarks in the nal state,

it is useful to review the di erent ways in which it can decay.
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Figure 2.5 : Feynman diagram for processuu ! dd.

The top-quark is very unstable and decays within 10 2° seconds 27]. Therefore, it
does not interact with the detector and its presence can only be inferred through its decay
products. The rst step of the decay ist! Wb, which has a branching fraction of almost
100% This is due to the very small o -diagonal elements of the CKM matrix, leading to
very small mixing between the third generation and other generations. ThéV boson also
decays almost immediately viaw ! ~ - or W ! qg° where g and o° are a quark and
antiquark of complementary types (i.e. one up-type and one down-type). The decay width
for the processW ! o is proportional to 3jVqeel, Where V represents the CKM matrix
and the factor of 3 accounts for the three colors. Because the CKM matrix is unitary, we
have 3jVygj + 3jVusj + 3jVupj = 3 and 3jVqj + 3jVesj + 3jVey = 3. Therefore, the processes
W ! ugand W ! cq(with q= d;s;b each have a branching fraction ofl=3. This means
the processW ! ° - also has a combined branching fraction ofl=3. Since each lepton
avor is equally likely, the individual branching fractions are 1=9. Top-quarks which have
the decay chaint ! Wb! qgb are referred to as hadronic top-quarks , whereas those
decaying ast! Whb! ° -bare referred to as leptonic top-quarks .

The analysis discussed in Chapter7 involves nal states with four top-quarks. This
will result in four b-quarks and four W bosons, which can each decay in one of the ways
described above. The nal state will therefore have 0, 1, 2, 3, or 4 charged leptons. The

probability of having N- leptons in the nal state is given by
\ 2
P = = = ; 2.19
3 1 ( )

where the rst factor is the binomial coe cient representing the number of ways to choose
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N- leptons out of 4 top-quark decays. The resulting probabilities are shown in Table2.3.

Table 2.3: Probabilities of obtaining N- leptons (including electrons, muons, and -leptons)
from four top-quark decays using Equation2.19.

N- | Probability
19:8%
39:5%
29:6%
9:88%
1:25%

AIWNFO

One added complication is that -leptons are also unstable and decay before they are
detected. The leptonic decays of the -lepton are ! e and ! , each of
which have a branching fraction of aboutl7%[27]. Hadronic decays of the -lepton involve
various numbers of charged and neutral pions along with a -neutrino, for a combined
branching fraction of about 66% Taking these decays into account, the branching fractions

of obtaining O 4 observed leptons (i.e. electrons or muons) are shown in Figuizé.

Figure 2.6 : Branching fractions to di erent numbers of observed leptons (electrons or
muons) in four top-quark events.
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3. Beyond the Standard Model top-philic resonances
3.1 Limitations of the Standard Model

As seen in Chapter2, the Standard Model is an elegant theory which gives structure
to the collection of known fundamental particles and provides a framework for their mass
generation. As seen in Sectio2.3.2, the principles of the SM can be used to calculate cross
sections and decay rates. These have been found to agree extremely well with observations.
For example, the ATLAS Experiment has measured SM cross sections at a center-of-mass
energy of 13 TeV ranging from 190 nb foMWW boson production down to 22 fb fortttt, all of
which agree with SM predictions B7]. Nevertheless, there are many reasons to believe that
the SM is an incomplete theory.

The rst shortcoming of the SM is that it does not include gravity. Because gravity
is orders of magnitude weaker than the strong, electromagnetic, and weak forces at small
scales, this omission has no e ect on the interactions studied at the LHC for example.
However, this means that the SM cannot be unied with General Relativity, which is
the theory that governs large scale physics studied in astrophysics and cosmology. Some
attempts have been made to address this problem through Grand Uni ed Theories3g, 39,
but these present shortcomings of their own. Another missing piece in the SM is Dark
Matter. From astrophysical observations, primarily the rotation speed of galaxies 40Q],
we know that a large fraction of the matter content of the Universe is composed of Dark
Matter, which only interacts gravitationally and possibly also via the weak interaction.
Many experiments around the world are currently searching for a Dark Matter particle,
which, if discovered, should be added to the SM in a way that is consistent mathematically
and experimentally.

In addition to some missing pieces, the SM also falls short in explaining certain phe-
nomena. In particular, the matter/antimatter asymmetry in the Universe is still not fully
understood. The violation of Charge-Parity (CP) symmetry by the weak interaction ac-

counts for some, but not all, of the observed asymmetry, which opens the door to new
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physics. Another mystery of the SM is the wide range of particle masses, from a few eV
for the neutrinos to 172.5 GeV for the top-quark R7]. The SM gives no reason for why
certain particles have a much larger coupling to the Higgs boson and therefore a much
higher mass than others. This could be a hint that there exists some new physics at a
very high energy scale that is inaccessible by our current experiments. Assuming that the
SM does break down at some scale (the Planck scale or lower), then the calculation of
the Higgs boson mass involves divergent terms proportional to 2 due to high-order loop
diagrams. The fact that the observed mass of the Higgs boson is only 125 GeV means that
ned tuned corrections must be added to exactly cancel the divergence. This is considered
unsatisfactory for many and is termed the naturalness problem 41].

For all these reasons, many theories Beyond the Standard Model (BSM) have been

developed and are currently being tested in various experiments, including the LHC.

3.2 Examples of theories predicting top-philic resonances

Among the di erent types of BSM theories, we are interested in those that predict the
existence of an additional boson, which would couple preferentially or exclusively to top-
quarks (top-philic). This new boson could be either a color singlet or a color octet, and
could be a scalar or a vector.

For example, in the composite Nambu Goldstone Higgs theory, a new strong force is
proposed to exist alongside a composite sector at a high energy scale. This composite
sector couples weakly to an elementary sector, which corresponds to the SM without
the Higgs boson. The Higgs boson emerges from spontaneous symmetry breaking in the
composite sector and then triggers EW symmetry breaking. This essentially removes the
divergent terms in the calculation of the Higgs boson mass, thus avoiding the naturalness
problem. In addition, the SM fermions are expected to be partially composite, in that
they are a linear combination of elementary and composite degrees of freedom. For the
top-quarks, the compositeness fraction is believed to be sizeable due to its large Yukawa

coupling, while for all other quarks it is negligible. This could result in a larger coupling
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between the top-quark and any new resonances belonging to the composite sector.

Another example is a class of BSM models which extend the scalar sector by postulating
the existence of two Higgs doublets (2HDM) 42]. The benet of this extension is that it
provides new sources of CP violation that could explain the matter/antimatter asymmetry.
The two Higgs doublets result in ve physical Higgs bosons: two charged scalatd , two
neutral scalarsh and H, where h corresponds to the SM Higgs, and one pseudoscalay.
Depending on the choice of parameters, two limits emerge: the decoupling limit, where
the extra scalars are very heavy, and the alignment limit, where their couplings to the SM
Higgs are very small. In one version of the 2HDM model, called Type Il, the alignment
limit also leads to vanishing couplings between the additional scalars and the SM gauge
bosons. Thus theH and A bosons become top-philic43].

The last example of a theory leading to top-philic resonances is the Randall-Sundrum
(RS) scenario f44], which postulates the existence of an extra dimension of space-time.
In this theory, the four-dimensional metric is multiplied by an exponential warp factor,
which varies as a function of the extra dimension, thus explaining the hierarchy between the
observed Planck and weak scales. One consequence of this is the appearance of Kaluza-Klein
(KK) gluons, which are spin-2 resonances with masses in the TeV range. An extension of the
RS model, called the bulk RS model, postulates that the SM fermions and gauge bosons
propagate throughout all ve dimensions, which helps explain the hierarchy of fermion
masses45]. In this case, the KK gluon would decay primarily to tt, making it a possible

candidate in top-philic resonance searches.

3.3 Simpli ed model

The analysis presented in this thesis is not aimed at a speci c theory, but rather searches
for signs of any top-philic resonance. A simpli ed model, which makes minimal assumptions,

is used for benchmarking. This model considers a color-singlet vector bosoA? which
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couples only tot and t. This results in the interaction Lagrangian [46]
L=t (C|_P|_+CRPR)tZO;

where P _r are the left/right chirality projection operators, and ¢ -g are the couplings
between the resonance and the left/right-handed components of the top-quarks. This can
also we written as

L=oct (cosP_+sin PR)tz9;

q
where ¢; = cf + c% is the total coupling of the resonance to the top-quarks and the

chirality angle is de ned astan = cr=q_.
For resonance masseszo much larger than the top-quark mass, the decay width of the

resonance can be approximated by

.
o (3.1)

mzo
This means that the resonance width is narrow for lowc;, but rises quickly with increasing
G-

In principle, the Z°resonance can be produced either at tree-level or at the one-loop
level. However, the one-loop level is strongly model-dependent, as it could involve other
particles present in the theory. For this reason, we only consider tree-level production,
for which the Feynman diagrams are shown in Figure3.1. Four production modes are
considered. The rst, shown in Figure 3.1ais the production of a resonantZ° boson in
association withtt. We will refer to this mode as s-channettZ ©. The Z°%boson then decays
to tt, resulting in a four top-quark nal state. The second production mode, shown in Figure
3.1b, also results in a four top-quark nal state, but it involves a non-resonantZ® We will
refer to this mode as t-channelttZ°. In Figures 3.1cand 3.1d, the Z°boson is produced in
association with a single top-quark and a light quark or aw boson, respectively, resulting
in a three top-quark nal state. These modes will be labeledqZ®and twZ . In contrast to
the ttZ ® modes, which arise from the strong interaction, thetqZ°® and twW Z ® modes involve

the electroweak interaction. For this reason, their production cross sections depend on
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the chirality angle , whereas thettZ © production is independent of . When =0, i.e.
when the Z°boson couples only to left-handed top-quarks, theqz® and twZ ° modes are
maximized, whereas for = =2 they are minimized. The contribution of the t-channel
ttZ 9 mode increases withmzo and with ¢ due to the increased di culty in generating

enough energy in the collision to produce an an on-shel° boson. When the t-channel

mode becomes dominant, thenzo mass resolution degrades.

@) (b)

(© (d)

Figure 3.1 : Tree-level Feynman diagrams forZ° boson production: s-channelttZ © (a),
t-channel ttZ ° (b), tqZ°(c), and tWz°(d). (a), (c), and (d) adapted from [46].
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4. Proton collision events and simulation
The analysis presented in Chapter7 makes use of proton-proton collision data collected
at the Large Hadron Collider. In this chapter, we will introduce the basic theoretical

concepts behind proton collision phenomenology and how these events are simulated.

4.1 Proton collisions
4.1.1 Proton structure

In contrast to lepton-lepton collisions such ase®e , where the energy of the beam
corresponds exactly to the energy of the colliding particles, hadron collisions are not so
simple [47]. Protons are composite objects made up of quarks and gluons, collectively
referred to as partons. Each parton carries a fractionx of the total momentum of the
proton. The simple picture is to assume that the proton is composed of two up-quarks and
one down-quark, which together yield the appropriate quantum numbers, and each carry
a momentum fraction x = 1=3. In reality, the presence of gluons inside the proton results
in the constant production and interaction of additional virtual gluons and quarks of all
avors. These are called sea quarks, in contrast to the valence quarks that contribute
to the quantum numbers. The distribution of the momentum fraction x for a given parton
is called the Parton Distribution Function (PDF) and depends on the energy scaleQ at
which the proton is being probed. PDFs cannot be determined by rst principles and
are therefore extracted from data, particularly Deep Inelastic Scattering at low Q. They
can then be extrapolated to any other process or energy through the Dokshitser-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equations. Typically, the PDF for up- and down-quarks
in the proton will peak at 1=3, but with a large tail towards lower X, while other quark

types and gluons have a monotonically decreasing PDH§].

4.1.2 Characteristics of a collision

There are di erent ways in which protons can collide B9]. The most common type

is elastic collisions, where the protons are simply de ected slightly and the partons do
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not interact. Inelastic collisions however, which are the focus of hadron colliders, involve
interactions between individual partons and result in the creation of new particles. Inelastic
collisions can be further classi ed as diractive or non-di ractive. In the diractive case,
the protons dissociate but there is no direct interaction between them. In non-di ractive
collisions, which are typically the ones we are interested in, one parton from each proton
interact directly, leading to isotropic emission of new particles.

In each collision event, the interaction with the highest energy is termed the hard
scatter . However, other lower energy parton-parton interactions within the same two
protons, called Multi-Parton Interactions (MPI), can also occur. In addition, radiation from
initial state or nal state particles (ISR and FSR, respectively), along with the presence of
non-interacting partons from the original colliding protons (beam remnants), contribute to
the activity of the event. All phenomena outside of the hard scatter are collectively referred

to as underlying event .

4.1.3 Cross section

The cross section of a particular procespipz ! X, wherep; and p2 correspond to the
protons involved in the collision, must take into account the partonic cross section*ay x
for the interaction of partons a and b to produce the desired productX, as well as the
PDFs for each parton, f .-, and f,-,. The partonic cross section is calculated from the
Feynman diagrams of the procesab! X, as explained in Sectiorn2.3.2 When calculating
the matrix elements, the strong coupling constantgs must be evaluated. Howevergs is
not a universal constant and in fact decreases with increasing energy scale. Therefore, it is
necessary to de ne a renormalization scale r at which to evaluate gs. As seen in Section
4.1.1, the PDFs also need to be evaluated at a given scale, which we call the factorization
scale g. The factorization theorem states that the total cross section 1 x can be
written as a convolution of the partonic cross section and the PDFs. The factorization
scale g then serves to separate out these two contributions. The contribution from* 4,

can be calculated using perturbation theory, since r is chosen to be high enough such that
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gs is small and higher order diagrams with manygs vertices can be neglected. Conversely,
the contribution from the PDFs is non-perturbative and must be determined through other
means, as explained in Sectiod.1.1. Summing over all possible parton interactions and

integrating over all momentum fractions yields the nal equation for the total cross section

[47]:
x Z1 z

pipa! X = . dXadXp fazp (Xa: F)fb=p,(Xp: F)d%an x( Fi R): 4.1)
asb

where the second integral corresponds to an integration over the phase spaceddty x .

The cross section can then be used to predict the number of events for a given process
observed at a hadron collider over a period of time. As we will see in Equation5.1,
the instantaneous luminosity is a measure of the number of collisions per unit area per
unit time and depends only on characteristics of the beams and their crossing conditions.
The integrated luminosity corresponds to the integral of the instantaneous luminosity over
time: Lin = RS L (t9dt® The number of events is then simply the product of the integrated

luminosity and the cross section:

Nplpz! x = Lint p1p2! X -

This is a powerful equation, as it allows to separate out the purely experimental factors

(Lint ) from the purely theoretical ones ( p,p,1 x ).

4.2 Monte Carlo simulation

The calculation of the partonic cross section based on Feynman diagrams is in practice
very di cult, as the phase space includes many degrees of freedom and a large number of
diagrams must be taken into account. For these reasons, Monte Carlo (MC) methodS()] are
employed to calculate these integrals. In general, an MC algorithm attempts to estimate an
integral by generating random numbers within a multidimensional space and measuring the
fraction of them that land within a volume enclosed by the function to be integrated. The

. p_ .
uncertainty of such a method scales ag§= N, whereN is the number of random numbers
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generated. Usually, pseudo-random numbers are used to ensure reproducibility. In particle
physics, MC is not only used to calculate cross sections but also to simulate the evolution
of the nal state particles all the way to the observable objects. The overall process can be

divided into three main steps: hard scatter, parton shower, and hadronization.

4.2.1 Hard scatter

Simulating the hard scatter with MC essentially amounts to applying Equation4.1. The
evaluation of the matrix elements is done at xed order, which means that all diagrams
with a number of powers of the coupling constant (i.e. number of vertices) above a certain
cuto are ignored. Leading Order (LO) corresponds to the smallest non-zero power of the
coupling and typically includes only tree-level diagrams, with no loops. Next-to-Leading
Order (NLO) and Next-to-Next-to-Leading Order (NNLO) include successively more powers
of the coupling and therefore take into account loop diagrams. In cases where both strong
and electroweak interactions take place, the order in QCD can be chosen to be di erent
than the order in QED or EW. However, becauseys is roughly an order of magnitude larger
than gy, a calculation at NLO in QED is generally equivalent to NNLO in QCD in terms of
precision. Higher order calculations provide greater precision not only in the cross section

of a process but also in certain kinematic distributions.

4.2.2 Parton shower

Once the hard scatter has been simulated, the next step is to generate the parton
shower, where additional quarks and gluons are emitted from the initial or nal state
particles through ISR or FSR, or from the products of MPIl. The main processes involved
areq! g g! gg andg! qg In order to determine which emissions are allowed and
which come rst, an ordering scheme must be choserb]]. The transverse momentum of
the emitted parton or its angle with respect to the particle that emitted it are common
choices, with higher momenta and larger angles being emitted rst. This continues until a

predetermined cuto is reached, such as an energy scale below which emissions are no longer
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simulated. At this stage, some potentially diverging logarithmic terms appear which must
be cancelled through a technique called resummation. Leading Logarithmic (LL), Next-
to-Leading Logarithmic (NLL), or Next-to-Next-to Leading Logarithmic (NNLL) accuracy
correspond to a cancellations up to the largest, second largest, and third largest logarithmic
terms, respectively.

Typically, the hard scatter and parton shower are simulated independently, which means
there can be overlap between them, especially if the matrix element is calculated at NLO or
NNLO. Therefore, a matching procedure must be applied to avoid double counting. This

can be done in various ways, which will be discussed in Sectigh2.4.

4.2.3 Hadronization

Hadronization is the process by which partons produced in the hard scatter and parton
shower, as well as those from MPI and beam remnants, combine to form stable hadrons.
There exists two main models to simulate hadronization: the Lund string model$2] and
the cluster model B3]. In the Lund string model, quark-antiquark pairs are imagined
to be connected by a string which stores potential energy. As the string stretches, its
potential energy increases until it breaks, creating a new quark-antiquark pair. This
process continues until the energy becomes insu cient to break any more strings. The
groups of quarks that remain connected form mesons and baryons. In the cluster model, all
gluons are made to split into quark-antiquark pairs and neighboring quarks are combined
to form color neutral clusters, which then decay to hadrons. At this point, certain hadrons
with short lifetimes are made to decay to more stable and observable hadrons. After parton
shower and hadronization, the objects we deal with are no longer quarks, but rather jets

that encompass the complex hadronic activity.

4.2.4 Generators

A large number of MC generators are available for simulating the hard scatter, parton

shower, and/or hadronization. Those used in the analysis described in Chapter are
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described below.

Madgraph and MC@NLO

MadGraph [54] is an MC generator which only calculates matrix elements based on
input Feynman rules. The code is designed to be as process-independent as possible and
therefore can accommodate a wide variety of SM and BSM processes. It also provides the
exibility to easily vary model parameters such as masses or couplings. For example, if one
wishes to study di erent combinations of parameters in a BSM modelMadGraph allows
the user to generate a single benchmark scenario and then apply event-by-event matrix-
element reweighting for alternative scenarios. When calculating NLO matrix elements,
MadGraph makes use of tree-level techniques by cutting loop-diagrams into multiple
tree-level diagrams. It also has the capability to handle mixed-coupling expansions in a
consistent way, such as QCD and QED or QCD and EW. Finally, theMadSpin module
can be used to preserve the spin correlations in cases where unstable intermediate particles
are produced.

MC@NLO is a matching procedure between matrix element and parton shower which
works by subtracting the contributions from the parton shower from the matrix element at
NLO. This can sometimes result in negative weights, although this is generally not a problem
once the weights from a large number of events are summetladGraph5_aMC@NLO s
a framework which combines the latest version oMadGraph , MadGraph5 , with the

MC@NLO procedure to produce samples up to the parton shower level.

Powheg

To address the issue of negative weights encountered in tddC@NLO matching method,
the Powheg (Positive Weight Hard Emission Generator) technique was developedp]. In
this case, the event with highest transverse momentum is generated rst at full NLO ac-
curacy and is deliberately independent of any parton shower. A transverse momentum

cuto is de ned such that the production of partons below this threshold is not allowed.
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Therefore, when interfacing with parton shower algorithms that use transverse momentum
ordering, one simply requires the shower to start at the same cuto wheréowheg lefto.
For parton showers that use angular ordering, the matching is still possible but requires
more care in order to correctly veto the showers that overlap with the NLO calculation
from Powheg . Finally, multiplicative event weights are applied to recover the correct

normalization. This procedure is implemented in thePowhegBox program [56].

Pythia

Pythia [57] is a multi-purpose generator which is widely used at the LHC. It can simu-
late hard scatter processes as well as parton shower and hadronization, although it is often
interfaced with other generators for the hard scatter, in which case it only provides the par-
ton shower and hadronization. The parton shower uses transverse momentum orderinsg],
interleaving partons from ISR, FSR, and MPI. ISR and FSR parton showers are modeled
using the dipole evolution technique $9], where quarks and antiquarks are paired to form
dipoles, which can then radiate a gluon (similarly to an electric dipole radiating a photon),
from which new dipoles can be produced. The simulation of MPIs is improved by taking
into account energy and color conservation as well as proton cloud shapeBythia provides
a wide variety of matching schemes between the hard scatter and parton shower depending
on the generator it is interfaced with. The Lund string model is used for hadronization, with
the nal avor of the quarks inferred by assuming quantum tunneling, thus suppressingc-

and b-quark production.

Herwig

Similarly to Pythia , Hemwig [60] can generate all simulation steps, but if often in-
terfaced with other programs such asPowheg . It provides two possible models for the
parton shower: angular ordering §1] and dipole evolution. In both cases,Hemwig pre-
serves spin correlations between di erent particles emitted in the parton shower as well as

with those from the hard scatter. Di erent matching schemes can be applied depending on
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the generator used for the hard scatter and the chosen shower model. For hadronization,

Hermwig uses the cluster model.

Sherpa

Sherpa [62] is another multipurpose generator which covers the hard scatter, parton
shower, and hadronization. It uses the dipole evolution model as its default parton shower,
although a hybrid method between dipole and angular ordering is also availableég]. The
matching between matrix element and parton shower is done using a modi ed version of
the MC@NLO method. One of the cornerstones oSherpa is its ability to perform multi-
jet merging, a technique which allows to include higher jet multiplicities in the matrix
element, evolved by truncated parton showers §4]. This is achieved by separating the
matrix element and parton shower into domains based on a jet criterion linked to the
kinematics of the event, thus reducing the dependency on the separation scale. Similarly

to Hewig , Sherpa uses the cluster model for hadronization.

4.2.5 Tuning and weighting

All the above MC generators require many tunable parameters, which can e ect the nal
output. Some examples include masses and couplings, renormalization and factorization
scales, and cutos used in the parton shower and/or matching scheme. Some of these
parameters can be highly correlated and therefore they are typically tuned in groups. A set
of parameters for a given MC generator is called a tune . Large experiments such as ATLAS
often use previously agreed-upon tunes to ensure consistency and to enable comparisons
with other experiments.

Although the choice of generator or tune is sometimes motivated by the physical process
studied, it is often not clear what the optimal choice is. Therefore, systematic uncertainties
are associated with these choices. For example, an uncertainty on the choice of parton
shower model can be evaluated by swapping out the parton shower generator, while keeping

the matrix element generator xed. Similarly, uncertainties on tunes can be estimated by
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re-generating events with modi ed parameters.

When analyzing LHC data, MC events are generated separately for each process, in
each case choosing the appropriate generator depending on the physics goals. The number
of generated events is usually much higher than the corresponding number of real data
events at the LHC, in order to achieve higher statistical power. When comparing to data,
the MC events are reweighted to produce the expected cross section. A set of simulated

and weighted events for a given process is called a sample.

4.3 ATLAS data processing framework

All MC simulated data and real data collected by the ATLAS detector are processed
centrally to optimize computing time and ensure consistency across all ATLAS results. At
the end of this procedure, both MC and real data are identical in structure such that they

can be directly compared.

4.3.1 Real data

As described in Section5.2, the data collected by the ATLAS detector consists es-
sentially of hit patterns, indicating which units detected the passage of a particle. This
information, along with metadata about the run conditions is saved in raw data les and
stored on the Tier-0 level of CERN's computing grid p5]. Next, the hit information is
passed through various algorithms to identify objects such as electrons, muons, photons,
or jets, and reconstruct their kinematics, as described in Sectio®.3. Further quality and

selection criteria required by individual analyses can then be applied (see Sectiofis6 and
7.7).
4.3.2 Monte Carlo

For MC events, the rst step is to generate the samples independently of any detector
using the techniques described in Sectiod.2. The outputs of these algorithms are then

input into a detector simulation, which produces the expected detector response from these
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MC events, taking into account as many e ects as possible such as the bending of particle
tracks due to magnetic elds and their energy loss as they traverse di erent materials. The
ATLAS Collaboration uses either the Geant4 toolkit [ 66], or a faster simulation called
ATLFAST-Il [ 67], which uses a simpli ed description of the tracker and muon system
and/or of the calorimeters!. The information provided by Geant4 or ATLFAST-II is then
digitized to yield a format similar to the real raw data. At this stage, e ects not included

in the main MC such as additional proton-proton collisions in the same bunch crossing,
known as pileup (see Sectiol.1.1), as well as detector noise and beam e ects, are overlaid.
Finally, the same reconstruction algorithms used to process the real data are applied to
these simulations. Again, additional cuts can be applied as a nal step depending on the

physics analysis goals.

! For Run 3, the data collection period starting in 2022, ATLFAST-II has been replaced by a newer
version, ATLFAST3 [ 68].
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5. The Large Hadron Collider and ATLAS

The Large Hadron Collider (LHC) is a circular accelerator measuring 27 km in cir-
cumference and sitting underground at a depth between 50 m and 175 m near Geneva,
Switzerland [69]. It accelerates two proton beams in opposite directions close to the speed
of light in order to collide them at the center of massive detectors such as ATLAS (A Large
Toroidal LHC Apparatus). The general design of the LHC and ATLAS are presented in
this chapter. It should be noted that the LHC program also includes heavy ion collisions

such as lead-lead, which will not be covered here.

5.1 Acceleration, beams, and bunches
5.1.1 Principles of acceleration

One of the goals of the LHC is to provide proton-proton collisions with the highest
possible center-of-mass energy, which allows to probe more massive particles. During the
data-taking period between 2015 and 2018, an energy gf§ = 13 TeV was achieved,
where s is de ned as the square of the momentum four-vector sum of the proton beams.
This implies an energy of 6.5 TeV per beam. Using protons in the collisions rather than
electrons, as well as opting for a circular design rather than a linear one, both contribute
to maximizing the collision energy.

At the LHC, protons are accelerated by electric elds using Radio Frequency (RF)
cavities, as shown in Figure5.1. The cavities provide a sinusoidally varying electric eld
along the beam axis and the frequency of oscillation is tuned such that protons always feel
a force in the same direction within successive cavities. Protons are injected in the LHC
as bunches of approximatelyl0'! particles separated by 25 ns70]. The RF system, in
addition to providing the necessary acceleration, also serves to maintain the stability of the
beam and bunches.

In addition to acceleration, the protons require bending in order to travel in a circular

! The center-of-mass energy was increased to 13.6 TeV for the data-taking period starting in 2022.
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Figure 5.1 : lllustration of the principles of particle acceleration using RF cavities (top),
and schematic of the system used at the LHC (bottom) 1.

path. This is done through Niobium-Titanium superconducting dipole magnets cooled at
1.9 K and supplying up to 8.3 Tesla elds. As shown on the left side of Figure.2, the
dipoles carry a current along the beam direction, which creates a magnetic eld pointing
downwards, and thus a magnetic force pointing towards the center of the LHC, providing
the necessary centripetal acceleration. Quadrupole magnets are used to focus the beam,
as shown on the right side of Figure5.2. They produce magnetic forces which squeeze
the beam in one of the directions in the transverse plane, while expanding it in the other
direction. Successive quadrupoles which focus in orthogonal directions are used to achieve
the necessary focusing.

The instantaneous luminosity is a quantity which expresses the number of collisions per
area per second and is de ned as7p]

_ N 2N,

L
4

F; (5.1)

wheref is the frequency of revolution,N is the number of protons per bunch,Ny is the
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Figure 5.2 : lllustration of LHC dipole (left) and quadrupole (right) magnets [ 72].

number of bunches, is called the transverse emittance and is a measure of the spread of
the bunch, and is the amplitude modulation at the interaction point, which measures
the shape of the beam. The geometric reduction factoF, which is typically slightly less
than 1, accounts for the fact that the beams cross at an angle and therefore do not overlap
exactly. The LHC was designed for a peak instantaneous luminosity of 10°** cm ?s 1,
but achieved up to about2 10% cm 2s ! at the ATLAS interaction point in 2018 [ 2].
Another important parameter is the pileup, which corresponds to the number of proton-
proton collisions per bunch crossing. It is closely related to luminosity, since an increase in
the number of collisions per area per second directly results in an increase in the pileup. In
2018, when the LHC reached its highest instantaneous luminosity, the average pileup was

about 36.

5.1.2 The LHC accelerator complex

The source of protons at the LHC is a bottle of hydrogen, providing atoms from which
the electrons are stripped. The protons then pass through a series of smaller accelerators

before being injected into the LHC, as seen in Figuréd.3. The rst of these is the linear
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accelerator Linac 2 which brings protons up to an energy of 50 MeV. The next three stages
are circular accelerators: the Proton Synchrotron Booster, which increases the energy to 1.4
GeV, followed by the Proton Synchrotron, which increases it further to 25 GeV, and nally
the Super Proton Synchrotron, from which the protons emerge at 450 GeV. They are then
injected into the LHC, where two separate beams travel in opposite directions. Each beam
has its own beam pipe and magnet coils, all enclosed within a single structure and cryostat.
The beams are brought into collision at four locations, corresponding to four detectors:
ATLAS, ALICE (A Large lon Collider Experiment), CMS (Compact Muon Solenoid), and
LHCb (LHC beauty). ATLAS and CMS are multi-purpose detectors, meaning that they
study a wide range of phenomena, whereas ALICE specializes in heavy ion collisions and
LHCb in b-hadrons. As seen in Figure5.3, there are many other smaller experiments at
CERN which make use of the pre-accelerators to the LHC.

The lifetime of the LHC is divided into 3-4 year Runs separated by 2-3 year Long
Shutdowns, where major upgrades of the accelerator and detectors take place. Within a
Run, shorter shutdowns also occur to allow time for maintenance and to conserve elec-
trical power. Table 5.1 shows the dates corresponding to each of the major LHC Runs.
During periods of active running, the goal is to collect data continuously. However, the
instantaneous luminosity tends to slowly decrease with time, due to the degradation of the
intensity from collisions and synchrotron radiation as well as the damping of the emittance.
For this reason, the beam is dumped and re-injected every few hours. This period of time

constitutes a physics run.

Table 5.1: Dates of major LHC Runs. Dates marked with are projections as of April
2023 [75].

Run | Start | End
1 | 2010 | 2013
2 2015 | 2018
3 | 2022 | 2025
4 | 2029 | 2032
5 | 2035 | 2038
6 | 2040 | 2041
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Figure 5.3 : CERN accelerator complex [4].

5.1.3 High-Luminosity LHC upgrade

The High-Luminosity LHC (HL-LHC) is a phase which will begin in Run 4 and last until
the end of the LHC lifetime. The collider will be upgraded to provide a peak luminosity
ofupto 57.5 10* cm 2s !, thus 5 7.5 times larger than its design value F6]. As seen
in Equation 5.1, one of the ways to increase the instantaneous luminosity is to decrease
and/or . This will be accomplished by upgrading the quadrupoles with novel Niobium-
Tin magnets which will reach a strength of 12 T, thus providing much better focusing. In
addition, crab cavities will be used to tilt the bunches at the crossing points in order to

maximize their overlap, essentially bringing the reduction factorF in Equation 5.1 closer
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to unity [ 77]. These upgrades will be carried out during the Long Shutdown between Run
3 and Run 4. In order to handle the increased luminosity, all four LHC experiments will
undergo major upgrades as well. In particular, the ATLAS detector will completely replace

its tracking system, as detailed in Chapter6.

5.2 The ATLAS Detector
5.2.1 Coordinate system

The ATLAS detector [ 78] uses a right-handed coordinate system as illustrated in Figure
5.4. The origin corresponds to the center of the detector, where the interaction occurs.
The z-axis, or longitudinal direction, is de ned to be along the beam pipe, thex-axis is
towards the center of the LHC, and the y-axis points up. The polar angle is measured
with respect to the z-axis and the azimuthal angle is measured with respect to thex-axis
in the x y plane, also called the transverse plane.

The longitudinal momentum of the quarks and gluons inside the colliding protons is
unknown, since they can carry di erent fractions of the proton energy. Therefore it is
convenient to use quantities that are invariant under Lorentz boosts in thez-direction.
The transverse momentumpr, which is the projection of a particle's momentum on the

transverse plane, is one such quantity. Another useful quantity is the rapidity, de ned as

1 1+
= h 1 = Z| :
y =tan 5 n 1 ;
where = v=c with v being the speed of the particle. Although rapidity itself is not

invariant under longitudinal boosts, di erences in rapidities, Yy, are invariant. A related
guantity, called pseudorapidity , is de ned as the rapidity in the limit where E = pc

(which is usually valid for particles at the LHC) and simpli es to

= In tan= : 5.2
n tan (5.2)

From Equation 5.2, we see that will be 0 in the transverse plane and 1 along the

beamline. Similarly to rapidity, di erences in pseudorapidity, , are invariant under
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Figure 5.4 : ATLAS coordinate system and commonly used variables.

longitudinal Lorentz boosts. This can be used to de ne R, which is an invariant measure

of the angular separation between objects, as

where is the di erence in azimuthal angle.

5.2.2 Detector overview

The ATLAS detector is often referred to as a general purpose detector, since it is
designed to study a wide range of phenomena. As seen in Figube5, it is a cylindrical
detector covering almost the entire4 solid angle around the collision point. It is 44 m long,

25 m high, weighs 7,000 tons, and is placed in an experimental cavern approximately 100
m underground. It is composed of several subdetectors arranged in layers, each specialized
in a particular type of particle detection. In addition to the detector elements, ATLAS also
contains two types of superconducting magnets used to bend the trajectories of charged

particles. In the following, we will refer to the section of the detector parallel to the beam

47






	Abstract
	List of Tables
	List of Figures
	List of Symbols and Abbreviations
	Acknowledgements
	1 Introduction
	2 The Standard Model of particle physics
	2.1 Particle content
	2.1.1 History
	2.1.2 Properties

	2.2 Mathematical description
	2.2.1 Conventions and definitions
	2.2.2 Lagrangian formulation
	2.2.3 Symmetries
	2.2.4 Quantum Electrodynamics
	2.2.5 Quantum Chromodynamics
	2.2.6 Electroweak unification
	2.2.7 Electroweak quark mixing
	2.2.8 Electroweak symmetry breaking and the Higgs mechanism
	2.2.9 Fermion masses

	2.3 Feynman diagrams
	2.3.1 The building blocks
	2.3.2 Calculations using Feynman diagrams

	2.4 Top-quark and its decay

	3 Beyond the Standard Model top-philic resonances
	3.1 Limitations of the Standard Model
	3.2 Examples of theories predicting top-philic resonances
	3.3 Simplified model

	4 Proton collision events and simulation
	4.1 Proton collisions
	4.1.1 Proton structure
	4.1.2 Characteristics of a collision
	4.1.3 Cross section

	4.2 Monte Carlo simulation
	4.2.1 Hard scatter
	4.2.2 Parton shower
	4.2.3 Hadronization
	4.2.4 Generators
	4.2.5 Tuning and weighting

	4.3 ATLAS data processing framework
	4.3.1 Real data
	4.3.2 Monte Carlo


	5 The Large Hadron Collider and ATLAS
	5.1 Acceleration, beams, and bunches
	5.1.1 Principles of acceleration
	5.1.2 The LHC accelerator complex
	5.1.3 High-Luminosity LHC upgrade

	5.2 The ATLAS Detector
	5.2.1 Coordinate system
	5.2.2 Detector overview
	5.2.3 Magnet system
	5.2.4 Inner Detector
	5.2.5 Calorimeters
	5.2.6 Muon Spectrometer
	5.2.7 Particle signatures
	5.2.8 Trigger and Data Acquisition

	5.3 Object reconstruction
	5.3.1 Tracks
	5.3.2 Electrons and photons
	5.3.3 Muons
	5.3.4 Jets
	5.3.5 Missing Transverse Energy


	6 System tests for Inner Tracker Upgrade
	6.1 Inner Tracker for High-Luminosity upgrade
	6.1.1 Layout
	6.1.2 ITk pixel system
	6.1.3 ITk strip system

	6.2 System tests
	6.3 Calibration scans
	6.3.1 Principles of binary detection
	6.3.2 Trim scan
	6.3.3 Strobe delay scan
	6.3.4 N-point gain scan

	6.4 Reception test results with YARR
	6.4.1 Strobe delay scan
	6.4.2 Three-point gain scan

	6.5 YARR/ITSDAQ comparison
	6.5.1 Trim scan
	6.5.2 Strobe delay scan
	6.5.3 Three-point gain scan


	7 Search for heavy top-philic resonances
	7.1 Author's contribution
	7.2 Previous results
	7.3 Final states
	7.4 Data and Monte Carlo samples
	7.4.1 Signal samples
	7.4.2 Background samples

	7.5 Trigger and quality criteria
	7.6 Object definitions
	7.6.1 Electrons and muons
	7.6.2 Jets
	7.6.3 Overlap removal
	7.6.4 Re-clustered jets

	7.7 Event selection
	7.7.1 Preselection
	7.7.2 Region definition

	7.8 Event reconstruction
	7.8.1 Resonance mass reconstruction
	7.8.2 RC jets efficiency

	7.9 Background estimation
	7.9.1 Background composition and modeling
	7.9.2 Extrapolation strategy

	7.10 Statistical analysis
	7.10.1 Bump-hunt
	7.10.2 Profile likelihood fit

	7.11 Uncertainties
	7.11.1 Experimental uncertainties
	7.11.2 Theoretical uncertainties
	7.11.3 Uncertainties on the extrapolation
	7.11.4 Statistical uncertainties

	7.12 Tests of the statistical model
	7.12.1 Pseudo-data generation
	7.12.2 Tests of the model-independent interpretation
	7.12.3 Tests of the model-dependent interpretation

	7.13 Results
	7.13.1 Validation regions
	7.13.2 BumpHunter results
	7.13.3 Profile likelihood fit results
	7.13.4 Limits
	7.13.5 Nuisance parameter ranking and grouped impact

	7.14 Future directions

	8 Conclusion
	Bibliography
	Biography

