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Collider (LHC). Signals for recasting were tailored such that their 
final states would be appropriate in relation to each respective 
ATLAS search in order to use the same selection criteria as applied 
in the existing searches. The results are summarized in the form of 
significances (Z) for each masspoint of the new top-partner and S 
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Populärvetenskaplig sammanfattning

Forskning inom partikelfysik är mänsklighetens strävan till att kunna svara på frågorna: Vad
är universums minsta beståndsdelar? Hur växelverkar dessa beståndsdelar med varandra för att
skapa allt runt oss? Dessa beståndsdelar, sk. elementarpartiklar, med dess fyra fundamentala
naturkrafter; svag-, stark växelverkan, elektromagnetism och gravitation är vad som får vårt uni-
versum att se ut som det gör. Det som vi vet om universumet beskrivs av teorin av den sk.
Standardmodellen som har varit väldigt framgångsrik, speciellt efter att den sista pusselbiten -
Higgsbosonen hittades år 2012 i partikelacceleratoranläggningen Large Hadron Collider (LHC) av
ATLAS och CMS experimenten. Upptäckten av Higgsbosonen bekräftade Higgsmekanismen som
beskriver hur elementarpartiklarna får sin massa.

Standardmodellen har dock fortfarande vissa problem. Ett av dem är den enorma skillnaden
mellan den teoretiskt beräknade och den upptäckta massan av Higgsbosonen. Enligt teorin ska
Higgsbosonens massa ha kvantkorrektioner som divergerar med storleksordningen 1019 GeV, men
observationerna har uppmätt massan till att vara ungefär 125 GeV. Detta tyder på att det kan
finnas en sorts finjustering av kvantkorrektionerna som resulterar i den lägre uppmätta massan.
Probemet kallas för finjusteringsproblemet och leder till teorier bortom Standardmodellen som ska
lösa problemet. En av många teorier är den sammansatta Higgsmodellen som förutspår en ny
partikel kallad för toppartnern som är en tung vektorlik kvark lik den toppkvark som beskrivs i
Standardmodellen. Tidigare analyser och sökningar har enbart tittat på toppartnerns söderfall till
Standardmodellpartiklarna Wb, Ht, Zt.

Detta examensarbete studerar sönderfallet av toppartnern till en ny exotisk skalär partikel, S
och toppkvarken. Partikeln anses vara elektriskt neutral i laddning och antas sönderfalla till
Standardmodellpartiklarna, S → WW , S → ZZ och S → Zγ. Studien går ut på att simulera
proton-protonkollisioner som skapar toppartnern och dess söderfallsprodukt S, vars signal sedan
omarbetas på existerande analyser för att se om dess paramenterutrymmen redan varit exkluderat
av dem. Syftet med denna studie är att ge både teoretiker och experimentalister en uppskattning
om vilka massor dessa två nya partiklar kan ha. Detta ska förhoppningsvis leda till en dedikerad
analys och sökning efter toppartnern och S-partikeln i de givna sönderfallskanalerna.

Studien visade att inga signaler med de utvärderade massorna av toppartnern och S-partikeln
skulle kunna exkluderas av de existerande analyserna, vilket tyder på att modellen har potential
och bör undersökas vidare.
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1 Introduction

Through the ages, people have pondered the question of what the universe is made of. In the
last century it was thought that the universe consists of the smallest particles - protons, neutrons
and electrons, but in the advent of particle accelerators and detectors, the basic building blocks
of our universe were demonstrated to be even smaller. The Standard Model of particle physics
(SM), developed over the last few decades and used today, describes these elementary particles
and the interactions between them. The interactions correspond to the four fundamental forces of
nature - the Strong, Weak, Electromagnetic forces and gravity1. In 2012, the discovery of the Higgs
boson at the Large Hadron Collider (LHC) by the ATLAS [1] and CMS [2] collaborations was a
great feat, validating the Higgs mechanism and completing the SM, for which the Nobel prize in
physics was awarded in 2013. However, the SM cannot completely explain dark matter, neutrino
masses, matter- antimatter asymmetry or gravity and was thus considered just a part of a more
fundamental theory. When calculating the Higgs mass theoretically, the radiative corrections to
the Higgs mass diverge in orders of the Planck scale2 squared, Λ2. This is a large discrepancy
when comparing to the experimentally discovered Higgs boson with a mass of 125 GeV [1, 2].
An explanation to why the Higgs boson mass is so light is that there seems to exist some kind of
delicate fine-tuning of the corrections. This is called the Hierarchy problem or more specifically the
fine-tuning problem. These problems in the SM make it necessary to consider alternative models
or extensions to it. There are many promising Beyond the Standard Model theories (BSM) which
address the Hierarchy problem, one central to the thesis being the Composite Higgs Model (CHM).

In the CHM, the Higgs boson is considered to arise as a massive pseudo Nambu-Goldstone Boson
(pNGB) through an approximate symmetry breaking3 of a SO(5) → SO(4) gauge group for the
minimal CHM. Together with the pNGB Higgs, the CHM also predicts the existence of massive
spin-1/2 vector-like quarks (VLQ). Previous searches for a hypothetical vector-like top particle,
called the top-partner [3], have considered it decaying into electroweak bosons and 3rd generation
quarks,

T →Wb, T → Ht, T → Zt. (1.1)

However, this thesis considers the top-partner to decay into a new hypothetical particle [4], S 4 and
a top quark,

T → St. (1.2)

The S particle is a charge neutral, massive scalar which couples to electroweak bosons and comes
from an extended CHM.

In this thesis, existing analyses searching for new physics were used in attempt to constrain the
parameter space5 of the extended Composite Higgs Model, with the method of recasting. Final
states of the signals were tailored such that they would pass the selection criteria imposed by
the searches, in order to obtain as many predicted signal events as possible in contrast to the
background events calculated in the searches6. Using the predicted and background events, a sig-

1Gravity is, however, not included in the Standard Model because its effect is so weak its negligible.
2Where the Planck scale is Λ = 1019 GeV
3Instead of an exact symmetry breaking, giving rise to massless NGBs, like the SM predicts.
4In some literature S is knows as η.
5Possible top-partner and S particle masses.
6Effectively reusing backgrounds generated in previous searches. More on that in Sec.(4).
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nificance could be calculated for each masspoint (combination of top-partner and S particle mass)
in attempt to find a 95% CL expectation to exclude it. The thesis aims to provide a guideline for
theorists and experimentalists to know which parameter spaces are expected to be excluded, such
that their work can be focused in the right direction when confronting this model. Additionally,
the thesis suggests a dedicated search for these particles in the masspoints suggested.

Appropriate signals based on the CHM are simulated using MadGraph 5 [5] and hadronized with
Pythia8 [6]. A fast detector simulation is done through Delphes 3 [7] and finally, the signals are
recast through CheckMate 2 [8] on verified Run 2 ATLAS analyses with a center-of-mass energy
√
s = 13 TeV for proton-proton collisions. The thesis starts with an introduction to particle physics

in Sec.(2), the mathematics of Quantum Field Theory (QFT) in Sec.(2.2) and the Higgs mechanism
in Sec.(2.3). This is followed by a qualitative description of the minimal CHM in Sec.(2.5) and
the considered model in Sec.(2.6). Finally, recasting is explained in Sec.(4) followed by the results
and conclusion in Secs.(5) and (6).

2 Theory

The theoretical part of this paper will start with a recap of the Standard Model and the electroweak
symmetry breaking induced by the Higgs mechanism followed by the Composite Higgs model. The
particles of interest are presented together with their possible decay channels.

2.1 Standard Model of Particle Physics

The Greek philosopher Democritus suggested that there had to exist tiny, indivisible, solid objects
that make up all the matter in the universe. He called these objects atoms, a word that was later
used by the English chemist John Dalton to describe elements of the periodic table - objects he
believed could not be divided, created or destroyed. Today we know, however, that atoms are
combinations of protons, neutrons and electrons and can be divided through fission or changed
into other atoms by altering the number of protons and neutrons in the nucleus. We also know
that protons and neutrons are composite, meaning that they consist of even smaller objects we
call elementary particles. These point-like particles are considered the most basic building blocks
for all matter in the universe. The mechanism of interaction between the particles is through the
four fundamental forces of nature: the strong force, the weak force, the electromagnetic force and
gravity. The strong force holds nucleons and nuclei together, while the electromagnetic force keeps
the electrons in orbit and combines atoms to form molecules. The weak force is the mechanism
between subatomic particles responsible for radioactive decay. Gravity, however, is only noticeable
on the macroscopic scale. Excluding gravity, these forces, along with the theory of the elementary
particles, discussed in sec.(2.2), make the Standard Model of particle physics (SM). Quantum Field
Theory (QFT), the framework that combines classical field theory, special relativity (SR) and
quantum mechanics (QM) defines elementary particles as being excitations of fields, meaning that
they are structureless objects. The elementary particles of the Standard Model are the Fermions
and the Bosons.

2.1.1 Fermions

Fermions are categorized into leptons and quarks [9, 10], both of which come in three generations,
each being heavier than the previous, but all having spin- 1

2 . The first generation is what all visible
matter in the universe is made of and consists of the up- (u) and down- (d) quarks, the electron
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(e) and electron neutrino (νe) being the leptons. The second and third generation particles are
unstable and quickly decay into the first generation. The generations are shown in Eqn.(2.1) where
the first column (I) corresponds to the first generation and so on.

I II III(
u

d

) (
c

s

) (
t

b

)
(
e

νe

) (
µ

νµ

) (
τ

ντ

) (2.1)

Name Symbol Q [e] S C B̃ T B I Le Lµ Lτ
down d −1/3 0 0 0 0 1/3 1/2 0 0 0
up u 2/3 0 0 0 0 1/3 1/2 0 0 0

strange s −1/3 −1 0 0 0 1/3 0 0 0 0
charm c 2/3 0 1 0 0 1/3 0 0 0 0
bottom b −1/3 0 0 −1 0 1/3 0 0 0 0
top t 2/3 0 0 0 1 1/3 0 0 0 0

electron e −1 0 0 0 0 0 0 1 0 0
e neutrino νe 0 0 0 0 0 0 0 1 0 0

muon µ −1 0 0 0 0 0 0 0 1 0
µ neutrino νµ 0 0 0 0 0 0 0 0 1 0

tauon τ −1 0 0 0 0 0 0 0 0 1
τ neutrino ντ 0 0 0 0 0 0 0 0 0 1

Table 1: Table of fermion quantum numbers. Q = charge (in units of the electron charge, e), S =
strange, C = charm, B̃ = beauty, T = truth, B = baryon number, I = isospin, L = lepton number
(three generations e, µ, τ). Hypercharge Y = S + C + B̃ + T + B, third component of isospin
I3 ≡ Q− Y/2. For antiparticles all signs of the quantum numbers are reversed, except for isospin.
The other generations of the leptons have the same quantum numbers. Taken from [11].

All particles have their own unique set of quantum numbers, for example the electric charge Q,
baryon number B and lepton number L, as seen in Table 1. The proton is a bound state of the
first generation quarks uud and the neutron is a bound state of udd. Taking the bound state of
the proton for example, it is positively charged having a total charge 1 (Q = 1 = 2

3 + 2
3 −

1
3 ) and

a baryon number of 1 (B = 1 = 1
3 + 1

3 + 1
3 ), but no lepton number (L = 0). The fact that it has

a baryon number of 1 makes it a baryon, a bound state of three quarks. The neutron, being a
bound state of three quarks is also a baryon, but has a net charge of 0 which matches our previous
knowledge of the characteristics of the neutron. The first generation of elementary particles also
contain the electron and its corresponding neutrino, both of which have B = 0 and Le = 1, making
them leptons. As previously mentioned, these four elementary particles make up all of the visible
matter in the universe, since the combinations of u and d make protons and neutrons, which in
turn make up the nuclei of all atoms, while the electron orbits it and the neutrino occasionally
is emitted from the nuclei as a result of beta decay. Each particle, whether it be a quark or a
lepton, has its own anti-particle. The anti-particle for the electron is the positron, with a positive
electric charge in place of the negative and electron lepton number Le = −1. The up-quark (u), for
instance, has an anti-particle called the anti-up quark (u) or "u-bar" and is denoted by a bar over
the symbol. Both the particle and its respective anti-particle have the same mass, but reversed
signs for the quantum numbers (except for isospin). This leads to the possibility of a bound state
of two quarks, called a meson. The meson consists of a quark and anti-quark pair with a baryon
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number of 0. As an example, the pion (π+) is composed of a bound state ud with baryon number
B = 0 = 1

3 −
1
3 and naturally a lepton number of 0 (L = 0), confirming that it is neither a baryon

nor a lepton, but a meson indeed. Different combinations of quarks from the first (I), second (II)
and third (III) generations make up a plethora of baryons and mesons. These, however, decay very
quickly, unlike the proton which has a mean lifetime of 1031 years or the free neutron with a mean
lifetime of just under 15 minutes [11]. The top (t) quark, being the heaviest of them all and having
the shortest half-life, has not been observed in a bound state hadron.

Fermions also have a property called chiral handedness [12]. This quantum mechanical property
differentiates particles form eachother. A particle can either have a left-handed or right-handed
chirality. In order for a particle to interact with electroweak bosons through the weak interaction
(see Sec.(2.1.2)), it needs to have a left-handed chirality, while its corresponding anti-particle needs
to have a right-handed chirality. The remaining right-handed particle and the left-handed anti-
particle are not affected by the weak interaction and therefore do not interact with the electroweak
bosons.

2.1.2 Interactions and Force Carriers (Bosons)

Interactions between particles in the SM are mediated by what is known as the force carriers
[10, 12]. An interaction could, for instance, be the decay of a particle into another through the
emission of a force carrier or the collision of two particles which in turn create two new particles
mediated through the force carrier. In total there are four force carriers corresponding to the three
fundamental forces in the SM (gravity excluded), all under the banner of gauge bosons, having an
spin = 1. The strong force is mediated by the gluon (g), the weak force by the W± and Z0 bosons
and the electromagnetic force by the photon (γ). The W± boson has an electric charge of ±1,
while the Z0 boson, the gluon and the photon are electrically neutral, with the latter two also being
massless. There are principles to how these gauge bosons can interact with the fermionic particles
(and each other) and are described by the separate theories where they were first hypothesized.
The electromagnetic interaction is described by the theory of Quantum Electrodynamics (QCD)
and has been unified with the weak interaction to create the Electroweak interaction. The strong
interaction is described in the theory of Quantum Chromodynamics (QCD) but has also been
unified together with the electroweak theory to describe today’s Standard Model.

2.2 Quantum Field Theory - The Language of the Infinitesimal

Classical mechanics studies the motion of bodies at a macroscopic scale - for instance, how an object
moves when it is subject to a force or how a pendulum swings. Theories and rules applicable to
such systems cease to work when either the object under study acquires a velocity close to the speed
of light or if it has the size of an atom or subatomic particle. Albert Einstein’s Theory of Special
relativity (SR) describes objects which travel close to or at the speed of light, whilst Quantum
Mechanics (QM) handles objects of atomic sizes. In particle physics, the objects in question have
both a relativistic velocity and quantum size, hence a theory unifying both of these requirements
had to be constructed. The aforementioned theory is called the Quantum Field Theory (QFT)
[12, 13] and mathematically describes particles, not as tiny marbles as one would assume, but as
excitations of fields. This treats the position (x) and momentum (p) variables as operators, such
that

x→ x̂, p→ ∂

∂x
. (2.2)
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Similarly as in classical mechanics, the particles equation of motion (e.o.m) can be found from
the Lagrange equation given by

d

dt

(
∂L

∂q̇i

)
− ∂L

∂qi
= 0 (2.3)

where the time-dependent, generalized coordinate of the particles is qi = (x1, x2, x3) and q̇i =

dqi/dt. The solution to the Lagrange equation is the Lagrangian on the general form

L = T − V, (2.4)

where T and V are the kinetic and potential energy terms of the system. One can change the
formalism from a discrete system into a continuous system with continuously varying coordinates
φ(x, t) [9],

L(qi, q̇i, t)→ L
(
φ,

∂φ

∂xµ
, xµ

)
(2.5)

such that one gets the Lagrangian when integrating the Lagrangian density over three dimensional
space

L =

∫
Ld3xi. (2.6)

The Action is defined as the space-time integral of the Lagrangian density

S =

∫
path

Ld4xµ (2.7)

and can derive the equation of motion of the particle by minimizing the action δS = 0, known as
the principle of least action. Using this principle, one identifies the Euler-Lagrange equation

∂

∂xµ

(
∂L

∂(∂φ/∂xµ)

)
− ∂L
∂φ

= 0 (2.8)

with the four-vector xµ = (t, x1, x2, x3) which includes the time parameter. Since we are interested
in expressing the Lagrangian in the formalism of fields, we will, following common practice, call L
the Lagrangian itself.

The Lagrangians in QFT are a central part of particle physics, describing the properties of the
particles and their interactions. In the following sections, they will be in focus when describing
different theories and mechanisms.

Lagrangian functions are often subject to transformations in the coordinate system used to de-
scribe it. Noether’s theorem states that if the Lagrangian is not affected by the transformation,
there will be a conservation of a quantity7. This links the conservation laws to another concept
essential to particle physics - the abstract concept of symmetries. Symmetries can prelusively be
thought of as the act of spinning a sphere around its axis - no matter how much it is turned in
any axis, the sphere still looks the same. This means that the sphere has infinite symmetries,
but a cube, for instance, has only 24. Simply put, a symmetry is a transformation which leaves
the physical system unchanged. The interactions between particles follow certain symmetries in

7If the Lagrangian is independent of the angle of measurement, angular momentum is conserved, and so on.
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nature. Symmetries applicable to particle physics are called gauge symmetries and are continuous,
local, internal symmetries. They are often represented as square matrices with different properties.
The simplest gauge symmetry is a 1× 1 matrix8 called the Unitary matrix U(1) and is essentially
a change in phase when applied to a Lagrangian. Another example of a symmetry is the Special
Unitary matrix SU(N), with N × N unitary matrices with determinant 1 (det(U) = 1) and the
property of U†U = UU† = I, where I is the unit matrix. Symmetries relevant to the Standard
Model will be described later in this section.

Transformations are operations which can be applied to Lagrangians. If a transformation leaves
a Lagrangian unchanged or invariant it is said to be invariant under that transformation and the
Lagrangian has a symmetry. A set of transformations forms a group [13]: the product of any two
transformations is another transformation. This product is associative, has an identity transfor-
mation and an inverse. In particle physics, continuously symmetric groups are called Lie groups,
which follow a Lie algebra [12].

The Standard model of particle physics has three combined groups - SU(3)C × SU(2)L × U(1)Y ,
each corresponding to a conserved quantity. The SU(3)c group is a 3×3 matrix with the subscript
c which stands for color charge. The group SU(2)L ×U(1)Y is the group of the electroweak inter-
action, where the subscript L of the 2 × 2 group means that it only transforms the Left-handed
states, leaving the Right-handed states unchanged. Y is short for the weak hypercharge quantum
number.

Considering the U(1) gauge theory, it consists of a 1× 1 matrix with a phase factor eiα. Starting
from the Dirac Lagrangian

L = ψ(x)(iγµ∂µ −m)ψ(x) (2.9)

where ψ is the Dirac spinor,m is the mass, µ is an index (going from 0 to 3) and γµ is a conventional
matrix called the gamma matrix which purpose is to ensure a correct matrix representation. A
demand is set such that it is invariant under U(1) gauge transformation

φ(x)→ φ′(x) = eiαψ(x) ≡ Uψ(x). (2.10)

If α = const. the Lagrangian is invariant under the transformation. But if α depends on x,
i.e.α = α(x), the Lagrangian recieves an additional term when inserting (2.10) into (2.9)

L = e−iα(x)ψ(x)(iγµ∂µ −m)eiα(x)ψ(x)

= e−iα(x)ψ(x)iγµ(i∂µα(x)eiα(x) + eiα(x)∂µ)ψ −mψψ

= ψ(x)(iγµ∂µ −m)ψ(x)− ψiγµψi∂µα(x). (2.11)

The last term is what prevents the Lagrangian from being invariant. To solve this problem a gauge
covariant derivative is introduced which compensates the additional term

∂µ → Dµ ≡ ∂µ − igAµ, where Aµ → Aµ +
1

g
∂µα(x) (2.12)

8A 1 × 1 matrix is just a scalar. For consistency, it is written as a matrix in the text.
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where g is the gauge coupling and Aµ is called the gauge field. Performing the same operation as
in Eqn.(2.11), but using the covariant derivative from Eqn.(2.12) one finds

L = ψ(x)(iγµDµ −m)ψ(x) = ψ(x)(iγµ∂µ −m)ψ(x) + gψγµψAµ. (2.13)

The Lagrangian turns out to be the original Dirac Lagrangian plus an additional term, dependent
on the field Aµ which has to be introduced to make the Lagrangian invariant under the gauge
transformation U(1). This additional term is a product of three fields with a gauge coupling g,
called an interaction term. Setting the gauge coupling to the electric charge, −e and interpreting
the field Aµ as the photon field, one finds that it is the gauge field of QED (its corresponding
kinetic term is derived from the Maxwell equation).

As seen in the example above, covariant derivatives are of great importance since they hold
the Lagrangian invariant under a gauge transformation at the "cost" of introducing additional
fields. In Eqn.(2.12) the U(1) gauge group requires one vector boson to be invariant. The gauge
groups SU(2) and SU(3), require three and eight vector bosons respectively. In SU(3), these
are the linearly independent gluon color states Gkµ, while in SU(2) there is one for each genera-
tor W a

µ = (W 1
µ ,W

2
µ ,W

3
µ) which when combined together, give representations of the electrically

charged vector bosons introduced in Sec.(2.1.2)

W±µ =
1√
2

(−W 1
µ ± iW 2

µ). (2.14)

The electrically neutral weak bosons, Z0, is given by W 3
µ [12]. However, when it comes to derive

the masses for the SU(2) gauge bosons, these are assumed massless, since the mass term in the
Lagrangian Lmass = 1

2m
2W i

µW
µ
j for bosons, or Lmass,f = mψ̄ψ for fermions, is not invariant

under gauge transformations. This is a problem since both bosons and fermions are massive, but
fortunately, the solution to this problem lies in the Higgs mechanism.

2.3 Higgs boson and the Higgs Mechanism

As required by the gauge principle [12], the Standard Model must be locally gauge invariant under
SU(3)C × SU(2)L × U(1)Y , which requires that the fermions and gauge bosons remain massless
for there to be gauge degrees of freedom. However, experiments show that the masses of the
electroweak bosons (W±, Z0) and fermions are well-defined, causing a discrepancy between theory
and the observed experiments. The problem is solved by introducing a scalar field with a non-zero
vacuum expectation value (vev), known as the Higgs field, as well as a mechanism for breaking
the SU(3)C × SU(2)L × U(1)Y symmetry down to SU(3)C × U(1)EM . This mechanism is called
the Higgs Mechanism and comes with the prediction of a new elementary particle - the Higgs boson.

The spontaneous symmetry breaking from SU(3)C×SU(2)L×U(1)Y symmetry down to SU(3)C×
U(1)EM constrains the choice of the minimal Higgs field. SU(2) requires it to take the form of
a multiplet - minimally the doublet. The Higgs field is then written as a complex-doublet scalar
field with four degrees of freedom

Φ =

(
φ+(x)

φ0(x)

)
=

1√
2

(
φ+

1 (x) + iφ+
2 (x)

φ0
1(x) + iφ0

2(x)

)
(2.15)

where φ+
1 (x), φ+

2 (x), φ0
1(x) and φ0

2(x) are real, giving the four degrees of freedom in the Higgs
field. By convention, the vacuum expectation value is assigned to the φ0

1(x) degree of freedom [12].
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Starting with the kinetic term of the Higgs field

T (Φ†,Φ) = (DµΦ)†(DµΦ), (2.16)

the Dµ is the SU(3)C×SU(2)L×U(1)Y gauge-covariant derivative which contains the interactions
of the fermions with the Higgs field. The Higgs potential is given by

V (Φ†,Φ) = −µΦ†Φ + λ(Φ†Φ)2, µ2 > 0, λ > 0 (2.17)

where λ is a coupling constant. It is worth to note that there are no odd powered terms in the po-
tential, keeping the potential positive and allowing it a minimum non-zero value. For completeness,
the kinetic and potential terms are inserted into Eqn.(2.4) to find the Lagrangian of the Higgs

LΦ = (DµΦ)†(DµΦ) + µΦ†Φ− λ(Φ†Φ)2. (2.18)

The vacuum expectation value is the minimum energy which can be found by deriving the Higgs
potential in Eqn.(2.17) by Φ and setting it to zero.

dV (Φ)

dΦ
= −2µ2Φ + 2λΦ3 = 0 (2.19)

Ignoring degenerate and zero-point roots, the vacuum expectation value becomes

〈
Φ
〉

=
1√
2

(
0

v

)
(2.20)

where
〈
Φ
〉
is the vacuum expectation value and v =

√
µ2/λ. This way, the physical vacuum is

broken from a SU(3)C×SU(2)L×U(1)Y gauge-symmetry down to a SU(3)C×U(1)EM symmetry,
with a non-zero Higgs vev [12]. Note here that the φ0

1(x) term from Eqn.(2.15) is the only compo-
nent with a non-zero, charge-neutral value of v, effectively making the net charge of the scalar field
0. Concluding, both electromagnetism and the gluon field is not affected by the vev, thus leaving
the SU(3)C × U(1)EM symmetries unbroken9.

The potential in Eqn.(2.17) is often called the Mexican hat potential due to its distinctive form,
seen in Fig.(1). Radially, around the "tip of the hat" one finds a set of continuous non-zero minima,
to which one parameterizes the Higgs field as

Φ(x) = eiξ(x)·τ 1√
2

(
0

v +H(x)

)
, (2.21)

where ξ(x) are the excitations along the potential minimum, collectively called theNambu-Goldstone
Bosons (NGB) [12]. These NGBs are massless spin-0 particles, which, in the context of the Higgs
mechanism, directly couple their degrees of freedom to the electroweak bosons. It is said that the
bosons "eat up" the NGBs, effectively leaving them as massive spin-1 states, Z0 and W±. The
H(x) excitation corresponds to the massive free-particle state of the Higgs boson, which has a
radial direction along the minimum of the potential.

9SU(3)C and U(1)EM are gauge groups corresponding to Quantum Chromodynamics (QCD) and Quantum
Electrodynamics (QED) respectively.
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Figure 1: Higgs potential as a three dimensional figure. At the local maximum, "tip of the hat",
the symmetry is unbroken. The NGBs will arise at the minimum when the symmetry breaks.

The masses for the electroweak bosons are determined from the kinetic energy term of the Higgs
Lagrangian, Eqn.(2.16) with the covariant derivative taking the form

Dµ = ∂µ − ig′
Y

2
Bµ − ig

τi
2
W i
µ, (2.22)

where i can acquire the values i = 1, 2, 3 and Bµ is an electroweak boson field. The kinetic energy
term becomes

(DµΦ)†(DµΦ) =
[
(∂µ − ig′

Y

2
Bµ − ig

τi
2
W i
µ)Φ

]†
(∂µ − ig′Y

2
Bµ − ig τj

2
Wµj)Φ (2.23)

and using the previously derived Higgs vev from Eqn.(2.20) for the scalar field, the equation
becomes

|DµΦ|2 =
1

8

∣∣∣∣∣
(
g′Bµ + gW 3

µ g(W 1
µ − iW 2

µ)

g(W 1
µ + iW 2

µ) g′Bµ + gW 3
µ

)(
0

v

)∣∣∣∣∣
2

=
v2g2

8

[
(W 1

µ)2 + (W 2
µ)2

]
+
v2

8

[
g′Bµ − gW 3

µ

]2

(2.24)

where both terms in the second equality of Eqn.(2.24) correspond to(
1

2
vg

)2

W+
µ W

−µ,
1

2

(
1

2
v
√
g′2 + g2

)2

ZµZ
µ (2.25)

respectively, when using the definitions of Eqn.(2.14), were Zµ = 1√
g′2+g2

(gW 3
µ−g′Bµ). Identifying

the mass terms in the form of m2W+W− and 1
2m

2Z0Z0, the masses become

MW =
1

2
vg, MZ =

1

2
v
√
g′2 + g2 = MW

√
g′2 + g2

g
=

MW

cos(θW )
(2.26)

where g and g′ are the SU(2) and hypercharge couplings respectively and θW is the weak mixing
angle or Weinberg angle, a free parameter determined by experiments [10].

Much like gauge bosons, fermions (quarks, leptons) are also massive particles but had theoret-
ically no terms involving their mass in the SM. Similarly to the gauge bosons, the fermions get
their mass through the Higgs mechanism. Briefly, consider the Yukawa interaction term with
fermion fields, ψ, coupled to a complex scalar field φ

10



LY ukawa = −cψφψ (2.27)

where c is a real constant, referred to as the Yukawa coupling in the SM. Upon spontaneous
symmetry breaking the Yukawa term takes the form of

LY ukawa = − cv√
2
ψψ − c√

2
H(x)ψψ (2.28)

where the first term relates to the mass of the fermion, with Mψ = 1√
2
cv and the second term is

the coupling term between the fermions and the scalar field H(x), which is the Higgs excitation.
What constitutes the mass of the fermion is the coupling constant, c, and the vev, v. Eqn.(2.28)
is a general equation where ψ is any fermion field (quarks or leptons), but since all fermions have
different masses, the coupling constant c has to be different for every fermion. This also means
that each fermion couples to the Higgs field with different strengths.

The gauge bosons and fermions needed a theory that would make them massive, which was only
possible through the Higgs mechanism and would be proven correct when the Higgs Boson was
discovered at the Large Hadron Collider (LHC) in 2012 by the ATLAS and CMS collaborations
[1, 2], ultimately completing the Standard Model.

2.4 The Hierarchy Problem

The ATLAS [1] and CMS [2] collaborations observed a particle consistent with the SM Higgs boson
with mass

mH = 125± 0.24 GeV [11] (2.29)

However, there seems to be a large discrepancy between the experimental mass and the theoretically
predicted mass by the SM. Theoretically, the physical mass of the Higgs boson is divided into two
parts - the loop corrections, which are divergent and the bare mass, defined as

m2
physical = m2

0−loop +
∑
n

m2
n−loop. (2.30)

At 0-loop level the mass corresponds to the non-divergent bare mass. The n-loop level corresponds
to the divergent loop corrections which are of the order Λ2

SM GeV2, assuming that the cut-off
scale for the SM is of the order of the Plack scale, ΛSM ≤ 1019GeV. The reason for the cut-off
scale is that the SM does not hold for energies above the Plack scale since the force of gravity
becomes sufficiently large and would have to be accounted for. Calculating the mass of the Higgs
boson theoretically would require the summation of all loop contributions with an expected mass
proportional to Λ GeV. The measurement does, however, show a mass of ∼ 125 GeV, implying
that the loop contribution terms may counteract each other through a very delicate fine-tuning
between them. This is called the Hierarchy problem, addressing the fine-tuning problem and the
concept of naturalness. The remaining part of the thesis will focus on the Hierarchy problem and
a BSM scenario with a potential to solve it - the Composite Higgs model (CHM).

2.5 Composite Higgs Model

The Composite Higgs model (CHM) is an extension of the SM where the Higgs boson emerges
as a pseudo Nambu-Goldstone boson (pNGB). The difference between NGB and pNGB is that
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the latter are massive10 and come from an approximate symmetry breaking. Apart from the SM
sector, the CHM introduces a new strongly interacting composite sector with a global symme-
try G = SO(5) (Special Orthogonal 5 × 5 matrix). This symmetry is spontaneously broken into
H = SO(4) by breaking the Goldstone symmetry, resulting in the existance of NGBs. The num-
ber of NGBs is the number of broken generators, i.e. the difference in the number of generators
between G and H, 10 − 6 = 4 (SO(N) has N(N − 1)/2 generators). The four NGBs correspond
to the four degrees of freedom of the Higgs doublet, present in the coset of G/H. The degrees of
freedom are then used to trigger electroweak symmetry breaking (EWSB), by gauging the SO(4)

subgroup GEW = SU(2)L×U(1)Y with a covariant derivative. This corrects the Lagrangian, induc-
ing an approximate symmetry and provides massive pNGBs when this symmetry is broken [14, 15].

Consider the fiveplet ~Φ of real scalar fields with a Lagrangian from the strongly interacting com-
posite sector [14]

L =
1

2
∂µ~Φ

T
∂µ~Φ− g2

∗
8

(~Φ
T ~Φ− f)2. (2.31)

where g∗ is a coupling constant and f is the vev,
〈
Φ
〉

= f . In analogy to Eqn.(2.21), the field ~Φ

can be parameterized as

~Φ(x) = ei
√

2
f Πi(x)T̂ i

[
04×1

f + σ(x)

]
, (2.32)

where Πi are the NGB fields and T̂ i are the broken generators with i = 1,..,4. The σ(x) is the
radial coordinate, similar to H(x) for the Higgs field in Eqn.(2.21), which in this case is a new
resonance. The exponential term in Eqn.(2.32) is the Goldstone matrix U [Π], which can generally
be applied to any symmetry breaking SO(N)→ SO(N − 1) 11

U [Π] = ei
√

2
f Πi(x)T̂ i

=

[
1− (1− cos(Π

f ))
~Π~ΠT

Π2 sin(Π
f ))

~Π
Π

− sin(Π
f ))

~ΠT

Π cos(Π
f )

]
, (2.33)

where Π =
√
~ΠT ~Π. Applying Eqn.(2.33) to Eqn.(2.32) yields

~Φ(x) =

[
1− (1− cos

(
Π
f

)
)
~Π~ΠT

Π2 sin
(

Π
f

) ~Π
Π

− sin
(

Π
f

) ~ΠT

Π cos
(

Π
f

) ] [
04×1

f + σ(x)

]
= (f + σ(x))

[
sin
(

Π
f

) ~Π
Π

cos
(

Π
f

) ] . (2.34)

Inserting the new field in Eqn.(2.34) into Eqn.(2.31) gives

L =
1

2
∂µσ∂

µσ − (g∗f)2

2
σ2 − g2

∗f

2
σ3 − g2

∗
8
σ4

+
1

2

(
1 +

σ

f

)2
[
f2

Π2
sin2

(
Π

f

)
∂µ~Π

T∂µ~Π +
f2

4Π4

(
Π2

f2
− sin2

(
Π

f

))
∂µ~Π

2∂µ~Π2

]
. (2.35)

The NGBs exist in the fourplet of SO(4), which can be written in terms of the Higgs doublet
H = [hu, hd]

10I.e. not massless.
11A detailed derivation of the Goldstone matrix for SO(3) can be found in the Appendix of [16]
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~Π =


Π1

Π2

Π3

Π4

 =
1√
2


−i(hu − h†u)

hu + h†u

i(hd − h†d)
hd + h†d

 (2.36)

The last step is to introduce the covariant derivative to the Lagrangian in Eqn.(2.31) in order to
gauge SO(4) to its subgroup GEW = SU(2)L × U(1)Y

∂µ → Dµ = ∂µ − igWα
µ T

α
L − ig′BµT 3

R (2.37)

This yields the electroweak interactions of the theory. Breaking the SO(5) → SO(4) symmetry
provides the degrees of freedom in the form of four NGBs in the minimal CHM. At the same time,
the covariant derivative corrects the Lagrangian of Eqn.(2.31), giving it an approximate symmetry,
which when explicitly broken through SO(5)→ SO(4) yields pNGBs instead of NGBs. The Higgs
doublet then arises as a pNGB as well as an exotic resonance in the form of a spin-1/2 Vector-like
quark (VLQ). The VLQ under consideration is called the top-partner.

This subsection presented the minimal composite Higgs model (MCHM), which relies on the min-
imal number of pNGB fields and symmetry generators, serving as a illustrative example based on
[14]. It does not solve the fine-tuning problem but gives an overview of how it may look like.

Briefly summarizing the theory considered in the model of the thesis, the CHM suggests that
there exists two separate symmetry breakings in the theory. First, the large Ultracolor (UC) scale
group, ΛUC , which considers a regime of free ultrafermions12 [17], is broken into a group with
condensates (i.e. bound states of ultrafermions), including the Higgs doublet which arises as a
pNGB from a parallel symmetry breaking. The symmetry is then broken again, but at weak scale
at 250 GeV, where the Higgs doublet acquires a vev and breaks the EW group SU(2)L × U(1)Y ,
in contrast to the Higgs mechanism.

2.6 Exotic Decays of top Partners

The model on which this thesis is based on, comes from the work of [18]. It considers a more com-
plex theory than the MCHM, predicting a pNGB Higgs as well as an exotic resonance in the form
of a spin-1/2 Vector-like quark (VLQ). The VLQ under consideration is called the top-partner,
denoted with a capital T. Additionally, the model predicts an neutral composite scalar, S 13, which
couples to the top-partner.

The heavy top-partner is assumed to pair produce14 and decay to the SM gauge bosons and
third generation quarks, seen in Eqn.(2.38). The decay channels are

T →Wb, T → Ht, T → Zt (2.38)

where W and Z are the SM gauge bosons, H is the Higgs boson and t is the SM top quark.
However, the top-partner is also expected to decay via the neutral composite scalar, S and the top
quark

12BSM fermions, analogous to SM fermions.
13The symbol for the S particle is in some papers denoted as η.
14Pair-production of top-partners is just one possibility, but it is model-independent.
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Figure 2: Branching ratio of S as a function of mS . Figure from [4].

T → St, (2.39)

which is the main focus of the thesis.

The Lagrangian, on which the model is based on is the SM Lagrangian with the addition of coupling
terms related to the resonances T and S. Consider the following Lagrangian for the top-partner

LT = T (i��D −MT )T − (iKTL
TSPLt+ L↔ R+ h.c.). (2.40)

Since this thesis only investigates the interaction involving T and S, only the relevant term is
written out. Here KTL

is the coupling term for the left-handed top-partner (TL), which is at its
extreme when KTR

= 0. PL is a left-handed projector defined as PL/R = (1± γ5)/2. In the same
manner, the Lagrangian for the scalar with couplings to the SM gauge bosons is written as

LS =
1

2
(∂µS)(∂µS)− 1

2
m2
SS

2 +
g2
sK

S
g

16π2fS
SGaµνG̃

aµν +
g2Ka

W

8π2fS
SW+

µνW̃
−µν +

e2KS
γ

16π2fS
SAµνÃ

µν

+
g2c2WK

S
Z

16π2fS
SZµνZ̃

µν +
egcWK

S
Zγ

8π2fS
SAµνZ̃

µν . (2.41)

In Eqn.(2.41) the first and second term is the kinetic and mass term of S, respectively. The
rest are coupling terms allowing S to decay into the electroweak bosons W±, Z, the photon (A)
and the gluon (G), with coupling constants Ka

W (a = 1, . . . , 8), c2WK
S
Z , cWK

S
Zγ , K

S
γ and KS

g .
fS is the decay constant and the tilde (∼) above the symbols signify a dual field strength tensor,
X̃µν = 1

2εµναβX
αβ , whereX can be G,W , A or Z and ε is the Levi-Civita tensor. From Eqn.(2.41),

the following di-boson channels are possible

S → gg, S →W+W−, S → γγ, S → Z0Z0, S → Z0γ. (2.42)
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Coupling terms with fermions are left out for simplicity. Because S arises as a singlet from a group
that embeds the EW sector, the coefficient KS

g is set to zero, leaving only coupling terms to EW
bosons. For simplicity, KS

γ = 0, such that S does not decay through a di-photon channel. It is very
much possible to have non-zero BR to γγ or ff , where f are fermions. However, when rewriting
the Lagrangian in Eqn.(2.41) into Eqn.(A.1) the coupling to photons vanishes [4].

Fig.(2) shows the branching ratio (BR) of S as a function of mS . For low masses of S the
decay rates are model dependent [4], only decaying into Z0γ, therefore the focus will be put on
the mS > 2mZ range (∼ 180 GeV), where the branching ratios are considered constant.

The Feynman diagram representing the decay of the pair-produced top-partners to the neutral
scalar S is shown in Fig.(3). From here, it is assumed that the t quark decays into a b quark and
a W± boson as observed in the SM, while the S particle can decay through any channel shown
in Fig.(4), which shows all possible decay channels of S and their corresponding branching ratios,
excluding the S → γγ channel.

g
T

T̄

ū

u

t̄

S

S

t

Figure 3: T T̄ production and decay to a new scalar S.
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Figure 4: Branching ratio tree of all final decay products of neutral scalar S. Each final state
corresponds to a branching ratio. ν = neutrino (any flavour), l = lepton (any flavour), γ = photon
and j = quark jet (any flavour). Approximated from [11].

2.7 Summary of ATLAS Searches for Vector-like Quarks

Previous searches for a vector-like top-partner have only considered it decaying into standard
model particles, with fermions of the 3rd generation. They have mainly assumed a pair production
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of the top-partner and a case where the top-partner is singly produced in the decay channels
TT → Ht + X [19], TT → Zt + X [20], TT → Wb + X [21] and Y → Ht [22], where X is some
decay product. Although there is no evidence for VLQ production at the LHC, lower limits of the
top-partner mass at 95% confidence level (CL) have been observed to be between 0.99 and 1.43
TeV [23]. This limit is however not strictly the same for the decay channel considered in this thesis,
since it may vary from model to model. For this reason, the scan of the top-partner mass will be
set to start from 800 GeV - slightly below the limit found by the previous searches.

3 Simulation

Modern particle physics methods of analyzing Beyond the Standard Model (BSM) physics rely
heavily on experimental data and simulations based on the framework and theory of the underlying
model. A brief description of the detectors layout is presented, as well as what information about
the particles can be extracted from it, followed by the tools that were used to generate appropriate
signals.

3.1 ATLAS Detector

The ATLAS general purpose detector is a part of the LHC accelerator complex, which also houses
the CMS, ALICE and LHCb detectors. It is constructed in a cylindrical manner15, in which
the different particle detectors encompass the beam axis which passes through the center of the
detector. Closest to the beam axis is the inner tracking device which reveal the path of electri-
cally charged particles, like the electron. Around the tracking device there is an electromagnetic
calorimeter which detects electromagnetic particles such as the electron and photon by measuring
their energy loss as they pass through it. The calorimeter can not differentiate between these two
particles, but since the electron is a charged particle and the photon is not, the information from
the inner tracking device can be used to distinguish the particles. Enclosing the electromagnetic
calorimeter is the hadronic calorimeter and works similarly, by measuring the energy loss from
hadronic particles, such particles containing quarks (mesons, baryons) or hadronic showers16. On
the outer rim of the detector there is a muon spectrometer, which detects muons. It is placed
farthest away because muons interact very little with matter and pass through the inner detector
and calorimeters. Neutrinos only interact weakly with matter and therefore have a very low in-
teraction probability. They are therefore not detected in the traditional meaning, but instead are
indirectly detected through the fact that their transverse momentum is not measured and thus the
net transverse energy in the detector is non-zero as explained below.

From detection, only certain parameters can be derived. When a particle is absorbed by the
calorimeter, its energy and angle is recorded. The total angle is subdivided into two parameters,
η(θ) and φ. η is the pseudorapidity and is commonly used to describe the angle between the posi-
tion of the particle and transverse plane (beam axis, passing through the center of the cylindrical
detector) in the center of the detector. When η = 0, the particle is purely in the transverse plane
(i.e. θ = 90◦ from the beam axis) but when η →∞, the particle is parallel (i.e. θ = 0◦) to the beam
axis17 since η ≡ −ln

[
tan(θ/2)

]
. φ is the azimuthal angle and together with the pseudorapidity,

η, the exact position of the particle detection is calculated. As mentioned, neutrinos can not be
1525m in diameter and 44m in length
16Hadronic showers arise from the phenomenon of color confinement, where quarks clump together to form mesons

or baryons, resulting in a cascade of secondary particles created from the vacuum of space.
17It can not be detected since no detectors can be placed in the path of the beam.
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detected in any calorimeter, however they have momentum like any other particle. Before the colli-
sion, the only momentum in the system is along the axis of the beam, which means that there is no
transverse momentum, so when measuring the net transverse momentum of all particles after the
collision, one would expect a nil net transverse momentum. Because of the undetected neutrinos,
there will be a certain transverse momentum missing from the system, which would have made the
net transverse momentum of the system equal to zero. This transverse momentum relates to the
neutrinos and is called missing transverse momentum18, denoted by PmissT . Computer algorithms
take the information from the detector and attempt to reconstruct the vertices from the position
and energy of the detected particles. Using a fast detector simulator19, Delphes [7], a model of the
ATLAS detector will be used to simulate signal events for BSM interactions and particles in this
thesis.

3.2 Signal Generation - MadGraph 5

MadGraph 5 is an open source software written in Python for the generation of matrix elements
at the tree-level for any model [5]. Tree-level diagrams are Feynman diagrams without loops rep-
resenting the "pure" signal of the desired model. Here, the Feynman diagram starts with the
collision of two protons, i.e.two quarks, two gluons or one of each, followed by the chain of relevant
particles and interactions of interest. However, the colliding particles depend on which accelerator
one desires to mimic20. The diagram can either be modeled from start to finish, specifying each
particle in the decay chain or specifying only the colliding particles and the particles of most in-
terest, leaving the software to fill in all the possible topologies in between.

Simulations like these are often used in BSM theories and can be generated if a detailed input
model file is provided. Model files contain all of the SM + BSM couplings between particles as well
as their respective decays, propagators and vertices. It is in this file that theoretical parameters
of new particles are inserted in order to describe how they interact and behave. Apart from the
model file, parameters like the total center-of-mass energy,

√
s and number of events is selected,

among other.

MadGraph 5 outputs Les Houches Event Files (lhe) [24] written in the most basic format with
events separated from each other. Each event in the lhe file contains all of the necessary infor-
mation per particle in order to derive its energy, momentum, pseudorapidity, daughter particle
among other. Because the output contains events at parton-level (events at the most basic level,
i.e.Feynman diagrams), it serves as a good tool to investigate the kinematics of an event. However,
the amount of information about the events and the fact that there exist "free" quarks is not
realistic, meaning that additional tools are required to make each event feasible.

3.3 Signal Hadronization and Detector Simulation - Pythia8 & Delphes

In order to make the signal more realistic, the event file (lhe file) has to be put through hadroni-
sation and parton showers, followed by a fast detector simulation.

Pythia8 [6] is a software that hadronises and showers each signal event generated by MadGraph 5,
18Very often, missing transverse energy (Emiss

T ) is used instead, where it is given a direction by the azimuthal
angle φ. These terms are analogous in relation to neutrinos, with the momentum being a vector instead of a scalar
as in the case of energy.

19See Sec.(3.3)
20Proton-(anti)proton or proton-electron collider, etc.
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using Monte Carlo methods that simulate fluctuations in the final states. For every fermion in the
final state of the signal, Pythia8 either showers it electromagnetically if it is a lepton (excluding
the muon) or photon, or generates a hadron shower (quark-jet) for every "free" quark in the signal
event. The purpose is to make each event as realistic as possible21, which means that generating
additional fluctuations in the events is necessary. The output of the program is a .hepmc file con-
taining all particles present in each event. These contain among other parameters, the momentum,
energy and pseudorapidity of the particles.

The showered and hadronised events are at this point an approximation of reality. However,
certain constraints exist when particles are to be detected. Limitations in the detectors ability to
reconstruct signal events make it necessary for a fast detector simulation to take place. Delphes [7],
a fast detector simulator, reads the showered signal event files and filters which events or particles
are detected. The constraints range from where the detectors are, their blindspots/gaps between
the detectors, the probability to reconstruct the signal correctly and many more. An important
constraint is also the detectors incapability of detecting neutrinos, since they interact weakly with
matter. This means that there will be an imbalance in energy and momentum of the system, mak-
ing it difficult to correctly identify the signal. Therefore missing transverse momentum (PmissT )
and energy (EmissT ) will be parameters taken into account in regards to neutrinos. The choice of
detector plays a role on how the signal events are reconstructed, two of the most common ones
being the ATLAS and CMS detectors. In this thesis, the ATLAS detector will be in focus, since it
is a high-energy general purpose detector and has its models and recasts already implemented in
the software.

4 Recast

Recasting is a technique that uses existing searches for new physics to constrain alternative models
of interest [25, 8]. Analyses of models are performed by experimentalists, who design a particular
signal and look for its final state particles in data measured by the detector, by applying cuts
to it. By cutting away events that do not resemble the signal of interest, one can minimize the
SM background in relation to the sought-after signal. Cuts are sets of selection criteria which one
applies to events reconstructed in the detector, ranging from the number of jets a signal should have
to what the missing energy of that signal should be. As an example, consider a search for a signal
that has at least 3 jets, a certain missing transverse energy no less than 250 GeV and photons, but
strictly no leptons. One then applies appropriate cuts or selection criteria to the set of data: If the
event contains less than 3 jets, a missing transverse energy of 150 GeV or one lepton - the event is
discarded, i.e.the final state particles do not resemble the signal one is looking for. After applying
the cuts, some of the data may be filtered out, leaving candidate events which pass the cuts of
a signal region (SR). Signal regions are regions in the parameters space where a signal would be
expected and where the background is minimized through the application of cuts. The number of
signal regions depends on how the search was conducted, but conclusively, only the signal region
which is most sensitive to the signal is of importance. An analysis of the signal regions (SR) is
then done to see if the candidate events are of any interest. After the analysis is completed, and no
significant excess of signal to background is found, its results can be used further, by projecting an
alternative model onto it. The alternative model, with a different signal, will then have the same
cuts applied to it as the existing analysis. This is called recasting and allows the application of the

21In comparison to what has been measured in the detector.
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background onto the alternative model, effectively reusing the previous analysis of the data. When
this is done, the signal regions where one would expect a signal are investigated by comparing
the expected SM events (background), b and the new predicted signal events from the alternative
model, s. Before the cuts are applied, the total number of events is calculated. This is done by
multiplying the cross section and branching ratio of the signal from Tab.(4) and (8) (dependent
on the mass of the top-partner) with the integrated luminosity of the chosen analysis, as

Nsignal = σ × BR(signal)× Lint. (4.1)

The large number of simulated events in MadGraph 5 (10,000 events per masspoint) generates a
distribution22 on which the selection criteria apply their cuts.

The main goal of a recast is to be able to say something with a certain degree of confidence.
In the method of recasting, there is no possibility of discovering a particle, since the analysis on
which one is performing a recast on does not have an excess of signal to background events. How-
ever, it is a tool to guide both theorists and experimentalists in the right direction. This means that
there are only two outcomes of a recast: either the alternative hypothesis (model) is expected to
be excluded or allowed. This conclusion is obtained by comparing the expected (b) and predicted
(s) events using the Counting experiment given by the likelihood function23, where the b is known
and assumed constant [26, 27, 28]

L(µ) =
(µs+ b)n

n!
e−(µs+b) (4.2)

where µ is either 0 or 1, depending on if one calculates the likelihood of the background only
hypothesis or the signal + background hypothesis. The test statistic, for Ls+b(µ = 1) and Lb(µ = 0)

is defined as

q0 = −2 ln
Lb
Ls+b

, (4.3)

which then becomes the median Significance, with n = s + b

Z =
√
q0 =

√
2(s+ b)ln

(
1 +

s

b

)
− 2s. (4.4)

Assuming that s � b, the significance can be simplified by expanding the logarithm in 1 + s
b to

express Z as (see Appendix B for details)

Z ≈ s√
s+ b

. (4.5)

Eqn.(4.5) is interpreted as the signal over the uncertainty of the background + signal. As more in-
tegrated luminosity (i.e. data) is recorded, the number of signal and background events is expected
to increase, leading to a linear increase in both the numerator and the denominator. Since the
denominator is under a root, it increases slower than its numerator resulting in a overall increase
in the significance. Therefore, if a signal exists, it will eventually rise above the background as
more data is collected.

The significance, Z, describes the expectation to exclude the alternative hypothesis (signal + back-
22The more events, the more statistically accurate the probability distribution is. The distribution shows the

statistical likelihood of different outcomes of a simulation.
23Based on a Poisson distribution.
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ground). The value of Z is the number of standard deviations and depending on its value, one can
expect to exclude the alternative hypothesis with a certain confidence level (CL). If the significance
takes the value of 1.64 [26], the confidence level of the expectation to exclude the hypothesis is
95%, which is a widely accepted threshold. Essentially, if the alternative model predicts too many
events over the background (s over b), the parameter space is excluded, because the data which
was analyzed by the experimentalist showed no excess of signal events to background.

If the significance expects to exclude the alternative hypothesis, the parameter space under in-
vestigation in the alternative model has already been excluded by the existing analysis, i.e.if the
recast finds a large amount of signal events in juxtaposition to the background events (increasing
the significance), the parameter space will be excluded, since the existing analysis on which the
recast was based on should have found something in that parameter space. This redirects ones
attention to look for the signal in other parameter spaces. Usually, one simulates and recasts a
signal multiple times varying the mass24 of the hypothetical particle(s). When statistically analyz-
ing the results using the significance, one can expect to exclude multiple mass points25 (scenarios
where the hypothetical particle has a certain mass), narrowing the window of possible masses the
hypothetical particle might have.

Recasting was done using the CheckMate [8] software, which contains a large integrated library of
verified analyses26. In the following sections, recasting was done on selected analyses that searched
for particles resembling the decay of the top-partner and the neutral scalar, S. Since the signal
is different for each recast, it had to be tailored, such that as many events as possible would pass
the cuts of each existing analysis. Tailoring the signal was limited by the possible decay channels
of S and their respective cross section times branching ratio, σ ×BR. With the constraint on the
S particle mass, mS > 2mZ , its range is defined between 200 GeV and (MT − 200) GeV for each
mass of the top-partner, MT , ranging from 800 GeV to 1600 GeV27. Simulations for each mass
combination was done in order to scan the plane of possible masses with increments of 200 GeV
to see if any mass point had a predicted number of signal events larger than the background and
if it could be excluded by the analysis.

24Or other parameters.
25Or coupling or other parameters in the parameterspace.
26Verified analyses are analyses which data has been crosschecked with ATLAS data.
27See Tab.(8) in the Appendix for details on the masses
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4.1 Analysis 1 : Search for Supersymmetry in Events with Photons,
Jets and Missing Transverse Energy with the ATLAS Detector in
√
s = 13 TeV p p Collisions [Photons, Jets and Emiss

T ]

Recast Analysis 1
Cuts SRL SRH
# photons > 0 >0
P leading−γT > 145 GeV > 400 GeV
# leptons veto veto
# jets > 4 > 2
|∆φ(jet, EmissT )| > 0.4 > 0.4
|∆φ(γ,EmissT )| > 0.4 > 0.4
meff > 2 TeV > 2 TeV
EmissT > 200 GeV > 400 GeV

Table 2: Selection criteria applied on target signal [29]. meff = EmissT +HT , where HT is the pT
scalar sum of the leading photon and all signal jets.

The search in Analysis 1 [29] was looking for supersymmetry in events by identifying photons, jets
and missing transverse energy (EmissT ) at center-of-mass energy,

√
s = 13 TeV and a integrated

luminosity of 13.6 fb−1. Recasting onto this search required that the signal be tailored such that
it fits the selection criteria (cuts) seen in Tab.(2). This meant that the signal had to include at
least one photon, two jets and neutrinos, the latter contributing to the missing transverse energy.
The photon and the missing transverse energy would be included by tailoring the signal to decay
one of its S particles to γνν and the other one to jets, through a di-W -boson decay. The reason
for the di-W -boson decay was to make the branching ratio as high as possible (see Fig.(4)) and
meeting the requirements on the number of jets. The tree-level diagram can be seen in Fig.(5).
The analysis on which this recast was based had only two signal regions, one of which, SRL, had
the least stringent requirements.

Note here, that Analysis 1 [29] is a conference note, i.e. preliminary results which are super-
seeded by [30]. The analysis was used here because of its availability in CM and its results should
be taken with a grain of salt.
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Figure 5: T T̄ production and decay to a new scalar S. b corresponds to a b-jet after hadronization,
while j represents jets from any I or II generation quarks. γ and ν indicate the photon and neutrino
respectively. Figure corresponds to Analysis 1 [29].
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4.2 Analysis 2 : Search for squarks and gluinos in Final States with Jets
and Missing Transverse Momentum using 36 fb−1 of

√
s = 13 TeV

p p Collision Data with the ATLAS Detector [0 Leptons, 2-6 Jets
and Emiss

T ]

Recast Analysis 2
Cuts 5j-1600 5j-2000
EmissT > 250 GeV > 250 GeV
p
jet1,5
T > 200, 50 GeV > 200, 50 GeV

|η(jet1,...,5)| < 2.8 < 2.8
|∆φ(jet1,2,3, EmissT )| > 0.4 > 0.4
|∆φ(jeti>3, EmissT )| > 0.2 > 0.4
e, µ veto veto
EmissT /meff (#j) > 0.15 -
EmissT /

√
HT - 15

√
GeV

minc
eff > 1600 GeV > 2000 GeV

Table 3: Selection criteria applied on target signal for signal regions 5j-1600 and 5j-2000 [31]. ’5j’
represents the number of jets, while ’1600’ is the inclusive effective mass. HT is the scalar sum of
the pT of all signal jets. meff is the effective mass, defined as the scalar sum of pT of leading jets
and EmissT . minc

eff is the inclusive effective mass, which sums over all jets with pT > 50 GeV and
EmissT .

Recast Analysis 2
Cuts 6j-1200 6j-1800 6j-2200 6j-2600
EmissT > 250 GeV > 250 GeV > 250 GeV > 250 GeV
p
jet1,5,6
T > 200,50,50 GeV > 200,100,100 GeV > 200,100,100 GeV > 200,100,100 GeV

|η(jet1,...,5)| < 2.0 < 2.0 < 2.8 < 2.8
|∆φ(jet1,2,3, E

miss
T )| > 0.4 > 0.4 > 0.4 > 0.4

|∆φ(jeti>3, E
miss
T )| > 0.2 > 0.2 > 0.2 > 0.2

e, µ veto veto veto veto
EmissT /meff (#j) > 0.25 > 0.2 > 0.2 > 0.15
minc
eff > 1200 GeV > 1800 GeV > 2200 GeV > 2600 GeV

Table 4: Selection criteria applied on target signal for signal regions 6j-1200, 6j-1800, 6j-2200 and
6j-2600 [31]. ’6j’ represents the number of jets, while ’1200’ is the inclusive effective mass. HT

is the pT scalar sum of all signal jets. meff is the effective mass, defined as the scalar sum of
transverse momenta of leading jets and EmissT . minc

eff is the inclusive effective mass, which sums
over all jets with pT > 50GeV and EmissT .

Analysis 2 [31] searched for the supersymmetric (SUSY) partners of quarks and gluons (squarks
and gluinos) at the LHC with CM energy

√
s = 13 TeV and a integrated luminosity of 36.1 fb−1

with ATLAS. The search for the squarks and gluinos was conducted in final states containing 2-6
hadronic jets and missing transverse momentum (or energy) with no electrons or muons (lepton
veto). With the criteria from Tab.(3, 4), the signal was tailored to have three quark jets28 from the
decay of each top quark and four quark jets from the decay of one of the S particles. This ensured
a sufficient number of quark jets and at the same time increased the σ × BR of the signal, see
Fig.(4). The remaining S particle was required to decay into three different channels, all containing
at least two neutrinos to contribute to the missing transverse momentum requirement. The three

28one of them being a b-jet.
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decay channels where

S → Z0Z0 → νννν, S → Z0Z0 → ννjj and S → Z0γ → ννγ, (4.6)

seen in the Feynman diagram in Fig.(6). The decay into the final state containing a photon (γ) was
possible since the selection criteria do not explicitly veto photons. Because of the large number of
jets in the signal, the most sensitive signal regions were the ones with five and six jets29, (’5j’ and
’6j’).
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(a) Two processes where the final state of the lower S is either νννν or
ννjj, denoted by ’ν/j’.

Z0

S

γ

ν

ν

(b) Additional processes where the final state of the lower S from (a) is
ννγ.

Figure 6: T T̄ production and decay to a new scalar S. b corresponds to a b-jet after hadronization,
while j represents jets from any I or II generation quarks. γ and ν indicate the photon and neutrino
respectively. Figure corresponds to the notes of Analysis 2 [31] and Analysis 3 [32].

29Seen a posteriori, i.e.from the results
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4.3 Analysis 3 : Search for a Scalar Partner of the top Quark in the
Jets Plus Missing Transverse Momentum Final State at

√
s = 13

TeV with the ATLAS Detector [0 Leptons, Jets and Emiss
T ]

Recast Analysis 3
Cuts All SR
p0,1,2,3
T > 80,80,40,40 GeV

e, µ veto
# jets ≥ 4, w/ ≥ 1 jetb
|∆φ(jet0,1, EmissT )| > 0.4
EmissT > 250 GeV

Table 5: Selection criteria applied on target signal for all signal regions [32]. The following signal
regions apply their selection criteria on top of these.

Recast Analysis 3
Cuts SRA-TT SRB-TT
m0,1
jet,R=1.2 > 125 GeV > 125 GeV

mb,min
T > 200 GeV > 200 GeV

τ veto veto
# jetsb ≥ 2 ≥ 2
∆φ(jet0,1,2, EmissT ) > 0.4 > 0.4
∆R(b, b) > 1 > 1.2
m0
jet,R=0.8 > 60 GeV -

EmissT > 400 GeV -
mb,max
T - > 200 GeV

Table 6: Selection criteria applied on target signal for signal regions SRA-TT and SRB-TT [32].

Recast Analysis 3
Cuts SRD-low SRE
p1,3,4
T > 150, 100, 60 GeV -
mb,min
T > 250 GeV > 200 GeV

τ veto -
# jetsb ≥ 2 ≥ 2
∆φ(jet0,1,2, EmissT ) > 0.4 > 0.4
∆R(b, b) > 0.8 -
m0,1
jet,R=0.8 - > 120, 80 GeV

EmissT - > 550 GeV
mb,max
T > 300 GeV -

HT - > 800 GeV
EmissT

√
HT - 18

√
GeV

Table 7: Selection criteria applied on target signal for signal regions SRD-low and SRE [32]. HT

is the scalar pT sum of the leading photon and all signal jets.

Analysis 3 [32] searched for a pair production of the scalar partner of the top quark in the SUSY
model at a CM energy

√
s = 13 TeV and a integrated luminosity of 36.1 fb−1. The analysis looked

at signal events with at least four jets, two of which b-jets (b-tagged), a veto on electrons and
muons and a significantly large missing transverse momentum (energy). Deducing from the most
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sensitive selection criteria summarized in Tab.(5, 6, 7) the same signal as in Analysis 2 could be
used. Since no explicit veto on photons was present in the selection criteria, a decay channel
containing a photon was possible. Because of the significantly high missing transverse momentum
and jet criteria, each decay channel had to contain neutrinos and at least four jets, where two were
b-tagged. The tree-level diagram of the interaction can be seen in Fig.(6).

5 Results

In total, 10,000 events were generated per simulation for the recast with 25 simulations (recasts)
per analysis, all with varying masses of the top-partner and the scalar S. The top-partner mass,
MT , ranged from 800 GeV to 1600 GeV with increments of 200 GeV, while the S mass, MS ,
ranged from 200 GeV to (MT − 200) GeV for each mass of the top-partner. To achieve narrow
width approximation30 for each mass combination, the coefficients KB , KW and KTL

are adjusted
such that the particles decay widths, Γ, of T and S are 0.1% of their respective mass, as seen in
Tab.(8) in the Appendix.

Figs.(7, 8, 9) present the results from the recasts of analyses [29], [31] and [32], in the form of
a contour plot of the significance, Z, dependent on the masses of the top-partner and the S parti-
cle. The x-axis shows the mass of the top-partner in GeV, while the S mass is shown on the y-axis.
The blank masspoints in the top left corner of each figure are not physical since the S particle
is a decay product of the top-partner and can therefore not have a mass larger than MT −Mt,
whereMt is the mass of the SM top quark. For high values of MT the significance of all recasts
is minuscule. This is mostly caused by the low cross section, seen in Tab.(8), of the top-partner
at high masses. Additionally, the branching ratio of the of the S particle31, from Fig.(4), lowers
the σ × BR even more, effectively resulting in low counts of predicted events and therefore a low
significance. However, the branching ratio is identical in all masspoints (for the same recast),
rescaling all significances equally.

Based on the numerical values for each masspoint, the contours of Figs.(7, 8, 9) show which
masspoints have the largest significance relative to their mass plane32. The contours signify a peak
at lower masses of the top-partner. Nonetheless, the magnitude of the significances for these mass-
points do not reach the threshold of 95% CL (Z = 1.64), which means that they are not expected
to be excluded by any of the ATLAS searches considered in this thesis.

Before any selection criteria are applied to the predicted events, the initial number of predicted
events is found using Eqn.(4.1), which is directly dependent on the cross section of pair-production
of the top-partner. The significance depends on the number of predicted events passing the se-
lection criteria in each analysis and as the initial number of predicted events is increased, the
number of events passing the selection criteria is also expected to increase. Therefore, one of the
main factors influencing the significance is the cross section of the top-partner. Because of this
dependence it would be natural to assume that all masspoints corresponding to their respective
MT would have approximately the same significance. This is somewhat true for the masspoints of
MT = 1.6 TeV, but not at all for lower masses. Fig.(10) shows a comparison of truth-level distri-
butions between masses (MT ,MS) = (1000, 200), (1000, 400) and (1000, 800) GeV, for some of

30To minimize interference effects such that mass peaks are not merged into one, but can instead be distinguished
from eachother.

31The branching ratio of the top-partner decaying to the S particle is assumed to be 100%.
32The collection of all masspoints.
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the selection criteria in Tab.(2) of Analysis 1. The red vertical line represents each cut respectively
and any events below that are filtered out. The more events fall short of the selection criteria,
the less the number of predicted signal events (s) are used, effectively making the significance
smaller. Figures (10b,d) compare the transverse momentum of the leading jet and the difference in
azimuthal angle between the leading jet and the direction of the missing transverse energy between
the three masspoints. Here, there contrast between the three masspoints is not large, especially
below the cut line. However, Figures(10a, c, e) exhibit large differences between the masspoints.
These show that a large fraction of the events of masspoints (MT ,MS) = (1000, 200), (1000, 400)
GeV are below the required selection criteria, while the masspoint (MT ,MS) = (1000, 800) GeV
has its events mostly above the cut line.

The decay channel of interest for the recast, to which Fig.(10) refers, is S → γZ → γνν, where S
decays from the top-partner with massMT = 1000 GeV. IfMS = 200 GeV most of the top-partners
energy is converted to kinetic energy of the S particle after its decay. When the S particle in turn
decays into a photon and a Z boson, most of the energy is distributed to the Z boson, leaving the
photon with a low transverse momentum, therefore having most of its events below the selection
criteria of > 145 GeV (Fig.(10a)). Because of the relatively high mass difference between the
top-partner and S, the S particle is boosted. This means that in order to conserve momentum,
its decay products, the photon and the Z boson, have to be collimated in the direction of the
boost, resulting in the separation, ∆R ≡

√
(∆η)2 + (∆φ)2, between the photon and the neutri-

nos33 (missing transverse momentum) being small. Since Fig.(10c) only looks at ∆φ, ∆η is zero
(η = 0 in the transverse plane), resulting in a small value of ∆φ for low MS . Many events are
therefore disregarded, because they do not fulfill the selection criterion of ∆φ > 0.4. When the
mass of the S particle is larger, ∆φ(γ, PmissT ) also increases.

Even though the significance depends mostly on the cross section of pair-production of the top-
particle, particle kinematics also have an impact when applying selection criteria to the events.

33Which decay from the Z boson.
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Figure 7: Significance signal events (s) passing the selection criteria in relation to the background
(b), depending on the masses of the top-partner and S. MS cannot be larger or equal to MT

because of kinematics. Masspoint (1600,200) is essentially zero when only considering significant
digits. The most sensitive signal regions are given in purple text in each masspoint, see Tab.(2)
for the signal regions.
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Figure 8: Significance signal events (s) passing the selection criteria in relation to the background
(b), depending on the masses of the top-partner and S.MS cannot be larger or equal toMT because
of kinematics. The most sensitive signal regions are given in purple text in each masspoint, see
Tab.(3) and (4) for the signal regions.
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Figure 9: Significance signal events (s) passing the selection criteria in relation to the background
(b), depending on the masses of the top-partner and S.MS cannot be larger or equal toMT because
of kinematics. Masspoint (1600,200) is essentially zero after when only considering significant digits.
The most sensitive signal regions are given in purple text in each masspoint, see Tab.(5), (6) and
(7) for the signal regions.
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(a) Transverse momentum of photon, γ. (b) Transverse momentum of leading jet. No cuts
applied.

(c) Difference in azimuthal angle, ∆φ, between pho-
ton and direction of missing transverse momentum.

(d) Difference in azimuthal angle, ∆φ, between
leading jet and direction of missing transverse mo-
mentum.

(e) Missing transverse momentum, Pmiss
T .

Figure 10: Comparison of kinematics for three masspoints with varying mass of particle S, MS =
200, 400, 800 GeV and constant mass of top-partner, MT = 1000 GeV. Red vertical lines show the
selection criteria (cuts) from Tab.(2) of [29]. 31



6 Conclusion

A study of the hypothetical VLQ, T (top-partner), and scalar S, was performed by recasting verified
ATLAS analyses for Run 2 with

√
s = 13 TeV onto particle simulations in order to calculate the

significance of the masspoints. Simulations were made with top-partner mass, MT , ranging from
800 GeV to 1600 GeV with increments of 200 GeV and the S mass, MS ranging from 200 GeV to
(MT − 200) GeV for each mass of the top-partner. No masspoints were expected to be excluded
at 95% CL for any recast (significance did not reach Z = 1.64). This suggests that the signal
topologies in such CHMs are not constrained by the ATLAS analyses and should be investigated
further by making a dedicated search for these particles in the masspoints considered in this thesis.
The study can be improved by possibly tailoring the simulated signal more effectively in order to
increase its cross section while being better suited for the selection criteria. Additionally, more
recasts of existing analyses would benefit the study, possibly yielding some expectation of exclusion
in the 95% CL. Most importantly, analyses with higher luminosity would be beneficial - something
that is anticipated in Run 3.
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A Coupling Constants

In the model, the coupling terms of Eqn.(2.41) are combined and rewritten as

LS =
g2KWW

8π2fS
SW+

µνW̃
−µν +

g′2KBB

8π2fS
SBµνB̃

µν (A.1)

where coupling terms involving Z and γ are written into one [12], as

Bµν =
gAµν + g′YLZµν√

g2 + g′2Y 2
L

. (A.2)

What is left are the two coefficients KWW and KBB which will depend on the masses of the top-
partner and the S particle, as seen in Tab.(8). The cross section does, however, only depend on
the mass of the top-partner.
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MT = 800 GeV σ(pp→ TT ) = 0.1215 pb
MS [GeV] KWW KBB KTL

100 1.46264 · 10−3 2.92529 · 10−4 0.322744
200 3.26341 10−4 6.52681 · 10−5 0.339911
400 9.141 · 10−5 1.8282 · 10−5 0.434399
600 5.65891 · 10−5 1.13178 · 10−5 0.984285

MT = 1000 GeV σ(pp→ TT ) = 0.02733 pb
MS [GeV] KWW KBB KTL

100 1.46264 · 10−3 2.92529 · 10−4 0.320524
200 3.26341 · 10−4 6.52681 · 10−5 0.330906
400 9.141 · 10−5 1.8282 · 10−5 0.380548
600 5.65891 · 10−5 1.13178 · 10−5 0.511682
800 4.14194 · 10−5 8.28388 · 10−6 1.2075

MT = 1200 GeV σ(pp→ TT ) = 0.007204 pb
MS [GeV] KWW KBB KTL

100 1.46264 · 10−3 2.92529 · 10−4 0.319404
200 3.26341 · 10−4 6.52681 · 10−5 0.326412
400 9.141 · 10−5 1.8282 · 10−5 0.357915
600 5.65891 · 10−5 1.13178 · 10−5 0.427211
800 4.14194 · 10−5 8.28388 · 10−6 0.591502
1000 3.27718 · 10−5 6.55435 · 10−6 1.43168

MT = 1400 GeV σ(pp→ TT ) = 0.002723 pb
MS [GeV] KWW KBB KTL

100 1.46264 · 10−3 2.92529 · 10−4 0.318757
200 3.26341 · 10−4 6.52681 · 10−5 0.323822
400 9.141 · 10−5 1.8282 · 10−5 0.345835
600 5.65891 · 10−5 1.13178 · 10−5 0.390213
800 4.14194 · 10−5 8.28388 · 10−6 0.47657
1000 3.27718 · 10−5 6.55435 · 10−6 0.672573
1200 2.71483 · 10−5 5.42965 · 10−6 1.65636

MT = 1600 GeV σ(pp→ TT ) = 0.0006432 pb
MS [GeV] KWW KBB KTL

100 1.46264 · 10−3 2.92529 · 10−4 0.318347
200 3.26341 · 10−4 6.52681 · 10−5 0.322185
400 9.141 · 10−5 1.8282 · 10−5 0.338523
600 5.65891 · 10−5 1.13178 · 10−5 0.369844
800 4.14194 · 10−5 8.28388 · 10−6 0.425133
1000 3.27718 · 10−5 6.55435 · 10−6 0.527372
1200 2.71483 · 10−5 5.42965 · 10−6 0.754353
1400 2.31873 · 10−5 4.63747 · 10−6 1.88135

Table 8: Coupling constants for every mass combination of MT and MS . For narrow width
approximation, the values of the couplings are such that each particles decay width, Γ, is 0.1% of
the mass of S and T, for the respective cases. Here KTR

= 0 so that KTL
is at its extreme.
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B Calculation of the Significance

Staring with the equation for significance

Z =

√
2(s+ b)ln

(
1 +

s

b

)
− 2s, (B.1)

a simplification is made since it is assumed that s� b. Expanding the logarithm with

ln(1 +
s

b
) = ln(1) +

s

s+ b
+

1

2

(
s

s+ b

)2

+O
((

s

s+ b

)3)
(B.2)

the significance can be simplified and expressed as

Z ≈ s√
s+ b

. (B.3)

C CheckMate raw output data

The compete output data from CheckMate is given by Tab.(9, 10, 11) for Analysis 1, Analysis 2,
Analysis 3 respectively. In these tables ’sr’ is the most sensitive signal region, ’o’ is the number
of experimentally observed events, ’b’ is the number of background events (expected SM events),
’db’ is its coresponding error, ’s’ is the number of signal events and ’ds’ is its error. ’s95obs’ and
’s95exp’ are the model independent 95% observed and expected limits respectively. The most
sensitive signal region for each masspoint is decided by the largest value of ’rexpcons’ (the tables
show the most sensitive signal regions for each masspoint). In this thesis only ’s’ and ’b’ is used
from each recast, whereas additionally ’o’ is used in the methods of Appendix D. For additional
information, refer to [8].
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Output Analysis 1
masspoint sr o b db s ds s95obs s95exp robscons rexpcons
(800,200) SRL 3.0 0.78 0.18 0.119519357916 0.0146090277441 6.34 3.17 0.0150726423368 0.0301452846736
(800,400) SRL 3.0 0.78 0.18 0.339989160737 0.0248082786983 6.34 3.17 0.0472087671406 0.0944175342812
(800,600) SRL 3.0 0.78 0.18 0.545614467737 0.031255158451 6.34 3.17 0.0779741337346 0.155948267469
(1000,200) SRL 3.0 0.78 0.18 0.0774355051253 0.00559267652521 6.34 3.17 0.010767116029 0.021534232058
(1000,400) SRL 3.0 0.78 0.18 0.202833105048 0.00908630116012 6.34 3.17 0.0296422036507 0.0592844073013
(1000,600) SRL 3.0 0.78 0.18 0.34515996029 0.011852737592 6.34 3.17 0.0513756262837 0.102751252567
(1000,800) SRL 3.0 0.78 0.18 0.343046741013 0.0117960792508 6.34 3.17 0.0510569670413 0.102113934083
(1200,200) SRL 3.0 0.78 0.18 0.03830085 0.0020357683034 6.34 3.17 0.00551454100669 0.0110290820134
(1200,400) SRL 3.0 0.78 0.18 0.0933068850222 0.00316949736788 6.34 3.17 0.0138973043121 0.0277946086243
(1200,600) SRL 3.0 0.78 0.18 0.151499394657 0.00404789515743 6.34 3.17 0.0228487139745 0.045697427949
(1200,800) SRL 3.0 0.78 0.18 0.189145590721 0.00451858365585 6.34 3.17 0.0286648444047 0.0573296888094
(1200,1000) SRL 3.0 0.78 0.18 0.136227906541 0.00383755272272 6.34 3.17 0.0204943722517 0.0409887445033
(1400,200) SRL 3.0 0.78 0.18 0.014344998214 0.000771464430292 6.34 3.17 0.00206305939248 0.00412611878495
(1400,400) SRL 3.0 0.78 0.18 0.0388614646486 0.00126596480661 6.34 3.17 0.00580209501036 0.0116041900207
(1400,600) SRL 3.0 0.78 0.18 0.0611386436966 0.00159105596072 6.34 3.17 0.00923175266892 0.0184635053378
(1400,800) SRL 3.0 0.78 0.18 0.0862744511754 0.00188822217334 6.34 3.17 0.013119521579 0.0262390431581
(1400,1000) SRL 3.0 0.78 0.18 0.0824615342583 0.00184471510102 6.34 3.17 0.0125293693206 0.0250587386412
(1400,1200) SRH 1.0 1.49 0.45 0.0586272223336 0.00152804817938 3.76 3.83 0.0149258572658 0.0146530609189
(1600,200) SRL 3.0 0.78 0.18 0.00258476994927 0.00016075808792 6.34 3.17 0.00036610830995 0.000732216619901
(1600,400) SRL 3.0 0.78 0.18 0.00824033735926 0.000285451794734 6.34 3.17 0.00122589848831 0.00245179697662
(1600,600) SRL 3.0 0.78 0.18 0.013201069489 0.000361221559504 6.34 3.17 0.00198874860117 0.00397749720235
(1600,800) SRL 3.0 0.78 0.18 0.0176837755153 0.000417135940695 6.34 3.17 0.00268133636791 0.00536267273581
(1600,1000) SRL 3.0 0.78 0.18 0.0202880469348 0.000446381434057 6.34 3.17 0.0030845396503 0.00616907930061
(1600,1200) SRL 3.0 0.78 0.18 0.0185021383495 0.000427025281243 6.34 3.17 0.00280785755336 0.00561571510671
(1600,1400) SRH 1.0 1.49 0.45 0.0240329635268 0.000475934104194 3.76 3.83 0.00618415733935 0.006071130965

Table 9: Raw data as given by the ’total_results.txt’ file from CheckMate for Analysis 1.
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Output Analysis 2
masspoint sr o b db s ds s95obs s95exp robscons rexpcons
(800,200) 5j-1600 122.0 119.0 12.0 2.97787642796 0.184047348382 34.0 32.0 0.0787070228416 0.0836262117692
(800,400) 6j-1800 9.0 3.0 1.3 1.24480784006 0.119277493118 12.8 7.2 0.0819681836989 0.145721215465
(800,600) 6j-1200 250.0 249.0 30.0 10.1314313887 0.341718774227 62.0 64.0 0.154371170951 0.149547071859
(1000,200) 5j-1600 122.0 119.0 12.0 1.47754791997 0.0616651252628 34.0 32.0 0.0404828563099 0.0430130348292
(1000,400) 6j-1800 9.0 3.0 1.3 0.761164316801 0.0443405130271 12.8 7.2 0.0537848340185 0.0956174826995
(1000,600) 6j-1800 9.0 3.0 1.3 1.10181166926 0.05341524215 12.8 7.2 0.0792352087607 0.140862593352
(1000,800) 5j-1600 122.0 119.0 12.0 2.4045011339 0.0788167826623 34.0 32.0 0.0669188708921 0.0711013003228
(1200,200) 6j-1800 9.0 3.0 1.3 0.162864637842 0.0105483254026 12.8 7.2 0.0113722956392 0.0202174144696
(1200,400) 6j-1800 9.0 3.0 1.3 0.306036454826 0.0144532499208 12.8 7.2 0.0220572753872 0.0392129340217
(1200,600) 6j-1800 9.0 3.0 1.3 0.483191619217 0.0182111884813 12.8 7.2 0.0354160367271 0.0629618430704
(1200,800) 6j-1800 9.0 3.0 1.3 0.485879709075 0.0182346499608 12.8 7.2 0.0356230377453 0.0633298448805
(1200,1000) 5j-1600 122.0 119.0 12.0 0.748625454115 0.0226351372581 34.0 32.0 0.0209265832062 0.0222344946566
(1400,200) 6j-2600 1.0 0.8 0.6 0.0311595952397 0.00281211086986 3.5 3.5 0.00758506668947 0.00758506668947
(1400,400) 6j-2600 1.0 0.8 0.6 0.0760831624052 0.00439509368694 3.5 3.5 0.0196786310739 0.0196786310739
(1400,600) 6j-2600 1.0 0.8 0.6 0.111133244307 0.00534512087372 3.5 3.5 0.0292477845925 0.0292477845925
(1400,800) 6j-2200 3.0 1.6 0.5 0.175464292857 0.0067384024515 5.8 4.2 0.0283471229029 0.0391460268659
(1400,1000) 6j-2200 3.0 1.6 0.5 0.156335801911 0.00636127183741 5.8 4.2 0.0251557441548 0.0347388847852
(1400,1200) 5j-2000 52.0 58.0 7.0 0.263331448751 0.00824158905851 16.0 20.0 0.0156134526685 0.0124907621348
(1600,200) 6j-2600 1.0 0.8 0.6 0.0102090847591 0.000786170427042 3.5 3.5 0.00254850435963 0.00254850435963
(1600,400) 6j-2600 1.0 0.8 0.6 0.0234871439709 0.00119186424972 3.5 3.5 0.00615213902896 0.00615213902896
(1600,600) 6j-2600 1.0 0.8 0.6 0.035804281311 0.00147640094591 3.5 3.5 0.0095379953599 0.0095379953599
(1600,800) 6j-2600 1.0 0.8 0.6 0.0529313201207 0.00179799215638 3.5 3.5 0.0142807465669 0.0142807465669
(1600,1000) 6j-2600 1.0 0.8 0.6 0.0569501133428 0.00186282104081 3.5 3.5 0.0153985962388 0.0153985962388
(1600,1200) 6j-2600 1.0 0.8 0.6 0.0416116105749 0.00159030767562 3.5 3.5 0.0111438588534 0.0111438588534
(1600,1400) 5j-2000 52.0 58.0 7.0 0.0818915284873 0.00224004661785 16.0 20.0 0.00488861575213 0.0039108926017

Table 10: Raw data as given by the ’total_results.txt’ file from CheckMate for Analysis 2.
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Output Analysis 3
masspoint sr o b db s ds s95obs s95exp robscons rexpcons
(800,200) SRB-TT 38.0 39.3 7.6 2.18047305879 0.157861599709 17.9 19.3 0.107350839959 0.0995637323971
(800,400) SRB-TT 38.0 39.3 7.6 3.04176692933 0.187285841819 17.9 19.3 0.152771963617 0.141690059521
(800,600) SRB-TT 38.0 39.3 7.6 2.19131980547 0.158640473835 17.9 19.3 0.107885442926 0.100059555874
(1000,200) SRB-TT 38.0 39.3 7.6 0.755881881311 0.0443640685325 17.9 19.3 0.0381633971462 0.0353950678196
(1000,400) SRB-TT 38.0 39.3 7.6 1.14896606668 0.0545584076105 17.9 19.3 0.0591894010166 0.0548958693366
(1000,600) SRB-TT 38.0 39.3 7.6 1.14394801751 0.0545767799467 17.9 19.3 0.0589073797989 0.0546343056166
(1000,800) SRB-TT 38.0 39.3 7.6 0.816078143915 0.0459414496932 17.9 19.3 0.0413817970066 0.0383800086227
(1200,200) SRB-TT 38.0 39.3 7.6 0.216293078136 0.0122055066637 17.9 19.3 0.0109651423021 0.0101697433786
(1200,400) SRB-TT 38.0 39.3 7.6 0.411382984952 0.0168133560441 17.9 19.3 0.0214418481028 0.0198864808829
(1200,600) SRD-low 27.0 25.1 6.2 0.359265169824 0.0157236707107 16.7 15.9 0.0199687634646 0.0209734811232
(1200,800) SRA-TT 11.0 8.6 2.1 0.180495130065 0.0110955604065 10.6 8.3 0.0153111708489 0.0195540254215
(1200,1000) SRB-TT 38.0 39.3 7.6 0.306226807358 0.0144837800214 17.9 19.3 0.0157806373253 0.014635927882
(1400,200) SRE 3.0 3.6 0.8 0.0271407786362 0.00265239188248 4.8 5.5 0.00474809498937 0.00414379199072
(1400,400) SRA-TT 11.0 8.6 2.1 0.0939397604712 0.00492910775362 10.6 8.3 0.00809962488257 0.0103440992476
(1400,600) SRA-TT 11.0 8.6 2.1 0.094546296726 0.00494579008535 10.6 8.3 0.00815426424396 0.0104138796369
(1400,800) SRA-TT 11.0 8.6 2.1 0.108906804962 0.00531224736947 10.6 8.3 0.00945233200722 0.0120716529249
(1400,1000) SRA-TT 11.0 8.6 2.1 0.106365752811 0.00525130315553 10.6 8.3 0.0092220392109 0.0117775440525
(1400,1200) SRA-TT 11.0 8.6 2.1 0.0701392101884 0.00425068269732 10.6 8.3 0.00595925382687 0.00761061332106
(1600,200) SRE 3.0 3.6 0.8 0.00868976513291 0.000727477646415 4.8 5.5 0.0015618128735 0.0013630366896
(1600,400) SRA-TT 11.0 8.6 2.1 0.0218616529486 0.00116065303526 10.6 8.3 0.00188284735574 0.00240460023745
(1600,600) SRA-TT 11.0 8.6 2.1 0.0267901489521 0.00128275877248 10.6 8.3 0.00232890797785 0.00297426801991
(1600,800) SRA-TT 11.0 8.6 2.1 0.0297075208098 0.00135021687111 10.6 8.3 0.00259369482464 0.00331242953508
(1600,1000) SRA-TT 11.0 8.6 2.1 0.029612627005 0.00135050032047 10.6 8.3 0.00258469872447 0.00330094053969
(1600,1200) SRA-TT 11.0 8.6 2.1 0.0289951630999 0.00133654011472 10.6 8.3 0.00252860729356 0.00322930570021
(1600,1400) SRA-TT 11.0 8.6 2.1 0.0210401548174 0.00112915664663 10.6 8.3 0.0018102205582 0.0023118479418

Table 11: Raw data as given by the ’total_results.txt’ file from CheckMate for Analysis 3.
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D CLs - Method

In future studies of the recasts, it would be of interest to establish if any masspoints could be
excluded by the existing analyses. This could be done using the CLs-method [33], which would, in
addition to the number of predicted signal (s) and background (b) events as used in the significance
(Z), include the number of observed events, Nobs. The Confidence level (CL) for the signal +
background is given by

CLs+b = P = e−(s+b)
Nobs∑
n=0

(s+ b)n

n!
. (D.1)

The general equation above uses a Poisson distribution to find a Confidence level. To find the CL
of a signal, one uses Eqn.(D.1) to find

CLs =
CLs+b
CLb

, (D.2)

where CLb = CLs+b(s = 0). Normally, for exclusion limits, one wants to obtain at least a 95% CL
which corresponds to a value α = 0.05, through (1−CL) = α. Calculating the CLs and comparing
it to the value of α, one can conclude

CLs =

Excluded if CLs ≤ α

Allowed if CLs > α
(D.3)

If the CLs is less or equal to α, with α = 0.05, the masspoint is excluded at a 95% confidence level.
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