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Abstract

Supersymmetry (SUSY) is an extension of the standard model of particle physics which
predicts a supersymmetric partner for each particle in the standard model. If R-parity
is conserved, then the lightest supersummetric particle (LSP) is stable and a good dark
matter candidate. In many models the LSP is favored to be the lightest neutralino (y?),
and the SUSY partner of the top quark, stop (f;), is usually assumed to be light and in
the reach of the LHC.

A search for stop pair production in a simplified model of the stop decay scenario, tar-
geting two different phase space regions is presented. This scenario contains final states
with exactly one isolated electron or muon, missing transverse energy (MET) and several
jets. The analysis uses 36.1 fb=! of proton-proton collision data at a center of mass energy
of v/s= 13 TeV, recorded with the ATLAS detector at the LHC in 2015 and 2016.

The first model targets the phase space where mj;, — mgo < my and both t; undergo a
three-body decay to a bottom quark, a W boson and the LSP. The dominant background
arises from top quark (¢t) pair production, which is difficult to model in the extreme
kinematic phase space of SUSY events, characterized by large MET and large transverse
mass of the reconstructed W boson (mg) decaying leptonically. A strategy to determine
the normalization of the leading background (as well for the sub-leading backgrounds
e.g. tt semileptonic, single top, W+jets) in a data-driven way, using control regions, is
described. By defining dedicated control regions also for the sub-leading backgrounds,
the background uncertainty in the signal region is better constrained, compared to the
case with one single control region for the leading background. This results in a gain in
sensitivity in this phase space compared with the current status.

In a second part a more compressed scenario where mj — mg < my, and both t
decay via a four-body channel into a bottom quark, two different light fermions and the
LSP, has been studied . Preliminary optimization searches to obtain a dedicated signal
region in this phase space are performed.
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Chapter 1

Introduction

With the discovery of the Higgs boson in 2012 [I][2] the successful history of finding
experimental evidence for the fundamental building blocks of nature continued. It was
the last undiscovered particle of the Standard Model (SM) of particle physics, a theory
developed throughout the second half of the 20th century that has become one of the
most successful theories to date. Apart from the particle content, also its predictions for
the particle interactions were found to match with experimental results with an unprece-
dented precision at different experiments, by this building strong confidence in it.

However, despite of its success, the Standard Model is not a complete theory. There
are several phenomena which it cannot explain and it leaves open questions like: Why is
the Higgs mass stable, although it should suffer from enormous loop corrections? What is
dark matter observed in astrophysics measurements? What is it made of? Why does the
SM require an unnaturally precise fine-tunning of parameters? Why is gravity so weak
compared to the other three fundamental forces? How can gravity be introduced in a
more general quantum theory?

To answer these and some more questions a theory beyond the Standard Model is
required. Supersymmetry (SUSY) is one of the main candidates for a unified theory be-
yond the SM which introduces a symmetry between fermions and bosons, so the number
of elementary particles will be roughly doubled. Since supersymmetric particles have
not been observed yet, supersymmetry must be broken and thus supersymmetric parti-
cles must be heavier than Standard Model particles. The search for SUSY is intensively
performed at the European Organization for Nuclear Research (CERN) where the Large
Hadron Collider (LHC) is located and collides protons with a center of mass energy of 13
TeV. In these high energetic reactions many other particles can be created, possibly also
supersymmetric particles. If, however, the lightest supersymmetric particle is neutral and
stabldl] it becomes a perfect candidate for dark matter. The top squark, the supersymm-
metric partner of the top quark, might nonetheless be sufficiently light to be within the
grasp of the LHC motivated by the strong coupling of the top/stop to the Higgs field. As
SUSY is a theory with many free parameters, there are plenty of different signatures that
can be studied in the collisions.

This thesis is dedicated to the search of supersymmety through the top squark with
one isolated lepton (electron or muon), jets and large missing transverse energy in the
final state using 36.fb~! of data taken with the ATLAS detector throughout 2015 and
2016 at a center of mass energy /s=13 TeV.

! As in R-parity conserving SUSY models.
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This thesis does specifically focus on two different regions in the supersymmetric pa-
rameter space, which exhibit a small mass difference between the stop and the neutralino
Am = myg, —mgo. The first is the three-body region, where Am < my,, and the stop #; de-
cays via a b quark, a W boson and a neutralino 9. In this region, inclusive studies for the
background estimation are performed and new expected exclusion limits obtained with
the systematic estimation. The second region is the four-body region, where Am < my,
and the stop ?; decays via b quark, two different fermions f and a neutralino x9. In this
region a preliminary sensitivity cut-based study to improve the sensitivity in the signal
region is shown.



Chapter 2

Theory

In the following sections a brief overview of the theoretical framework used in particle
physics is given. After a short introduction to the Standard Model (SM), the concepts
and motivations of Supersymmetry (SUSY) are illustrated and finally the process under
consideration for this analysis is presented.

2.1 Standard Model of Particle Physics

Since the discovery of the electron in 1897 by J. J. Thomson [3], elementary particle
physics has made extraordinary progress in understanding the fundamental processes
in our universe. The Standard Model (SM) of particle physics is arguably one of the
most successful physics theories to date. It is a theoretical framework which describes
the fundamental particles and their electromagnetic, weak and strong interactions with
great precision. Nearly all experimental results in the field of particle physics obtained
in laboratory experiments can be accurately described by the Standard Model. It has
been developed throughout the second half of the 20th century. Its two most important
achievements in its history, from a theoretical point of view, were the unification of the
electromagnetic and the weak force and the successful inclusion of the strong force into
the theory. As a consequence, it lead to its current formulation as described in more detail
in [4].

2.1.1 Particle content

The SM particles include 12 particles with half-integer spin number|that follow the Dirac-
Fermi statistics and therefore are called fermions. Also four particles with an integer spin
number that follows the Bose-Einstein statistics and are called gauge bosons, and a Higgs
boson with a spin 0.

Gauge Bosons

Gauge bosons mediate interactions of all particles so they can be considered as the
force carriers which have a spin 1. They are shown in Table 2.1 composed by the gluon (g),
the photon (), the W boson and the Z boson. The photons are massless and electrically
neutral particles, which mediate the electromagnetic force. The W and Z bosons are mas-
sivd? and mediate the weak nuclear force, they are carriers of the weak charge so they can
self-interact. The W boson is electrically charged and exists in two variants, the positive

1Using the common convention in high energy physics ¢ = h =1
2By this having a short lifetime.
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spin 0 1
particle (mediators) HY Y g w+ Z
mass [GeV] 125.09+0.24 0 0 80.38+0.01 91.18+18
electric charge 0 0O O +e 0

Table 2.1:Bosonic content of the SM and gravity [9], photon, gluon and graviton mass
are set to their theoretically expected value 0 eV.

(W) and the negative (W ™) charge. The Z boson is electrically neutral. The gluons me-
diate the strong nuclear interaction. They are color charged®] The color-charge can take
three values: red, blue and green. They can interact with themselves as the weak bosons,
as explained in more detail in [5] and in the next section describing the strong interaction.

Higgs Boson

Unlike the gauge bosons, the Higgs boson is a massive spinless particle which is the
only elementary scalar particle discovered in nature. Its main characteristics are shown
in table 2.1. The Higgs boson is essential to formulate a theory explaining the mass of
the gauge bosons, known as the Higgs mechanism [27] (explained in section 2.1.2). The
Higgs boson is the excited statd’] of the Higgs field from this mechanism.

Fermions

When the particles have a half integer spin they are named fermions. In simple terms
they are the building blocks of the ordinary matter. They exist in two groups depending
on whether they carry color charge or not, with three generations each, having the same
properties but different masses.

e [eptons do not take part in the strong interaction. They can be subdivided in two
classes: charged leptons and neutral leptons. The electron (e), muon (u) and tau
(7) have an electric charge of —e E], and interact via both electromagnetic and weak
interactions whereas the neutrinos (v, v,, ;) are electrically neutral and therefore
only interact via the weak interaction. By this, the W boson is the mediator in the
conversion from a charged lepton to its neutrino and vice versa. The electron, muon
and tau are massisve particles. The muon and tau have the same properties as the
electron except for their masses. The neutrinos are taken to be massles in the SMP
The leptons are listed in the top part of Table 2.2 with their properties.

e quarks, the six quarks up (u), down (d), charm (c), strange (s), top (¢) and bottom
(b) are all massive fermions. Up, charm and top quarks (named up-type quarks)
carry electric charge of %e, while down, strange and bottom quarks (down-type
quarks) carry electric charge of %e. Unlike leptons, quarks also carry an additional
quantum number: the color charge [5]. Quarks participate in the electromagnetic,
weak and strong interactions. An isolated quark has never been observed in nature
because of color confinement. It is a phenomenon implying that color charged parti-
cles cannot be isolated. Naturally they can be found in bound systems called hadrons

3Gluons are a mixture of a color and an anti-color charge [5].

4Tn quantum mechanics, an excited state of a system is any quantum state of the system that has a
higher energy than the ground state (i.e. more energy than the absolute minimum)[6].

®1.602x10719C [1].

5The observation of neutrino oscillations shows that the neutrinos should have a small mass[g].

10
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Generation Particle Mass[MeV] Electric charge [e]

1 e 0.511 -1

Ve 0 0

Leptons 2 o 105.66 -1
vy 0 0

3 T 1776.86 -1

Vr 0 0

1 u 2.2 + 2

d 4.7 -—-i

Quarks 2 c 1.28 -103 +i
s 96 —i

3 t 173.1 -103 +i

b 4.18 -103 —%

Table 2.2:Fermionic content of the SM [I0][11], neutrino mases are set to 0 eV.

which are color-neutral, either as a meson which consists of a quark-antiquark sys-
tem, or as a baryon which consists of three quarks. Anti-quarks have the same mass
and spin as their corresponding quarks but have opposite electric and color charges.
The process of the formation of this hadrons out of quarks and gluons is called
hadronization, which can give rise to cones of hadrons and other particles named
jets.

In Table 2.2 the fermion description is shown with their electric charge and masses.

2.1.2 Mathematical Description

For a proper description of the SM particles and interactions, we need a mathematical
framework which combines quantum mechanics and relativistic effects named Quantum

Field Theory [12][13].
Quantum Field Theory (QFT)

In this framework particles are not treated as a discrete mass point but as a continuous
system represented by a field ¢(Z,t). The main idea is taken from classical mechanics
were a Lagrangian L(q, q,t) is describing a system in motion and dependent on the gen-
eralized coordinates ¢; with their time derivatives (velocities) ¢;. Analogously for a field
theory a Lagrangian with density £(¢,0,¢) is taken which is a function of the fields ¢,
and its time derivatives with respect to the space-time coordinates x* = (¢, 2!, 2%, 23). By
incorporating the fields ¢ with the action S we get:

S = /Ldt = /£(¢, 0,0)d z (2.1)

By the principle of least interaction 05 we obtain the Euler-Lagrange equations which de-
scribe the dynamics of a system, and if £ has more than one field ¢, the Fuler-Lagrange
equation acts separately on each field ¢;, leading to [12]:

oL, oL _
0(0upi)”  Odi

11

o (2.2)
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Gauge Symmetries

The SM is based on three gauge symmetries which are internal symmetries of the
Lagrangian and they give rise to the forces, mediators and gauge bosons. They underline
elementary particle interactions.

e Electromagnetic and Weak Interactions
In the SM, both electromagnetic and the weak interaction, though their separately
appearance, they can represent a single interaction described by the electroweak
theory (EW). With the special unitary symmetry group SU(N), which comprises
all unitary matrices n x n with determinant 1, a SU(2) symmetry subgroup can be
introduced and motivated by:

1. Only modeling the weak interaction (leaving aside the electromagnetic) a charged
lepton [ could transform into its corresponding neutrino v; and vice versa through
the weak interaction freely because they look like two states of a single particle.
With the quarks would be the same: u,c,t — d/, st, b/ﬂ

This introduces a quantum number named the weak isospin to characterize between
the two states of a lepton (if is charged or a neutrino) and between quarks, expressed
as a doublet for each state. Considering the three pauli matrices aﬁﬂ a linearly inde-
pendent choice for the generator transformations [16], the isospin can be represented
as I=0;/2 [16]. Conventionally 7; is used insted of o; in order to avoid confusions
with the ordinary spin. This gives three non-conmuting operators I, I, I3. The
states are labeled in terms of the total isospin I and its third component I3, and by
this, we can have an isospin symmetry [I4]. Each doublet has a weak total isospin
of I = 1/2, and individually,the upper components of the doublet with I3=+1/2
and the down components with I3=-1/2. The weak isospin doublets are in the form:

()G ) o) L) (o) (o)

2. The SU(2) group should remain gauge invariant under local rotations in the
weak isospin space. The rotation happen as [15]:

o= ( lyf ) — ¢t =U¢ with Uzexp{—%d’?} (2.3)

Where U is a unitary transformation (UTU = UUT = 1) and as it is under SU(2),

7 is a vector with the 3 Pauli matrices and 7; only acts in the isospin part. & de-

scribes a vector with the rotational angles of the 3 isospin axes. An isospin part will

be introduced to the dirac spinor ¢ (z) [17] so that a rotation in the isospin space
1

only will act in the isospin part. For each generator ;7; a gauge field is needed

"The 7 denotes the weak eigenstates in the Cabibbo-GIM scheme [14].

P () PO G P

9The Pauli matrices are self-adjoint(o] = ;) and they describe observables in any SU(2) system.

12
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to compensate the transformation. A triplet of three bosons to mediate the weak
interaction is introduced as:

W
W, w2
W3

7

Where the charged bosons are defined as the superposition of the first two compo-
nents VVMjE = \%(W; + ZWE), and the neutral boson defined as the third component

Wi =Wwo.

3. It was shown by the Wu experiment [I§] and by polarization studies [19] that
fermions produced in weak interactions are polarized'™} Particles can be left handed™]
or right handed@, nevertheless the weak force does not conserve parity, this means
that fermions that participate in weak interactions are only left handedﬁ in the
limit when m; — 0.

To identify the gauge fields W/jt to the W¥ exchange bosons, W/jt can only interact
with left-handed fermions. A concept named chirality is introduced to distinguish
fermions which left and right-handed pieces are differently transformed under a
gauge group. Chirality for a dirac fermion is defined thorugh the operator v° Ewith
eigenvalies +1. Any Dirac field can thus be projected into its left- or right-handed
component by acting with the projection operators P; and PHIE- For this the U
operator defined in equation 2.1, needs to have a projection operator of left-handed
particles P, included, because U describes the rotations in the isospin space, leading
toa SU(2) E symmetry and the associated bosons are taken to be massless for now.

The introduction of a local U(1) symmetry, where U(N) is the unitary group of all
N x N matrices satisfying UTU = 1, gives rise to a gauge boson interacting with
particles. The gauge boson can be interpreted as the photon, as U(1) has a sin-
gle generator, this U(1) symmetry is used to describe electromagnetic interactions
known as quantum electrodynamics (QED).

The weak force and the electromagnetic force can be combined in the electroweak
interaction. For the U(1) group the charge operator needs to produce the same
eigenvalues for the members of each left-handed fermion doublet. Such charge should
be related to the electric charge () and the third component of the isospin I3 in the
form called hypercharge (Y):

Q=1I+3Y

Depending on their velocity and degree of polarization 8 = v/c [20].

"When the particle spin points in opposite direction of their momentum vector.
12\When the spin of the particle points in the same direction as the momentum vector.
13 And right-handed antifermions.

14With the Dirac matrices y° = iy%y1y243 = ( ? é ) with I the identity matrix.

Y Py, =4(1—75) and Pr = 5(1+75)
161, for left-handed

13
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This term introduces a weak hypercharge invariant under the isospin construction
because: left-handed fermions are doublets of the weak interactions and therefore
have weak isospin of 1/2. Right-handed fermions are singlets and do not participate
in the weak interactions, so they have isospin of 0. As a consequence we have a
unitary group denoted by U(1)y. The bosons coupling to this hypercharge are not
simply the WS and the photon. Instead QED gauge theory has to be redefined to
give rise to a neutral boson B, which is not identical to the photon A,. When the
W# and the B, bosons combine to two different mass eigenstates, the photon A,
and the Z boson Z,,, defined by the mixing angle QWE]:

A, = B, - cosby + Wi - sin Oy (2.4)
Zy = =By -sinfy + W) - cos Oy (2.5)

The gauge boson triplet Vf/u couples with a coupling constant of g of the SU(2);.
The neutral gauge field B,, couples with a couple strength of g/ of the U(1)y with
different strength to left- and right- handed fermions proportional to the hyper-
charge Y, as described in more detail in [22].

By this the gauge group of electroweak interaction is defined as SU(2);, ® U(1)y.
The invariance under local SU(2);, ® U(1)y transformations leads to the existence
of the W#, Z° and |

e Strong Interaction
The strong nuclear force acts between colored particles. It is described by Quantum
Chromodynamics (QCD) [23][24]. Instead of a positive and a negative charge like
in QED, the strong interaction couples to the color-charge which is only carried by
quarks and gluons. The gluons, unlike the photons, carry one color and one anti-
color each. This leads to a color-octet. There are eight gluon states that correspond
to each combination of color and anti-color, and as they carry color charge, they
can interact with each other. The corresponding gluon singlet”] is not realized in
nature because it would be a color-neutral particle freely propagating alowing for
long-range strong interactions, which have been not observed [25]. Mathematically
the strong interaction is equal to a SU(3) gauge group with eight generators, due
to the eight type of gluons. It is referred as a SU(3)c gauge group due to the color
charge interaction.

This leads us to the description of the SM by a combination of the mentioned locally
symmetry groups in the form:

SUB)c®@SU((2),@U(1)y (2.6)

e Higgs Mechanism
The photon and the gluon have been found to be massless. In contrast the W+
and the Z° bosons, have masses about 80 GeV and 91 GeV [29] respectively. An
explanation to this problem is the so called Higgs mechanism. It introduces a Higgs

17 Also named the Weinberg angle.

8While the W boson only couples to left-handed fermions, the coupling of the photon is the same for
any handness.

¥r7) + [bb) + |99)

14
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field as a complex scalar doublet as [27][28]:

L [ ¢f(x)+ig3 () )
O(r) = 1 P2 2.7
=75 G ke =0
and is essential to formulate a theory involving massive gauge bosons. It is based on

spontaneous symmetry breakinﬂ by finding a potential which ground state obeys
different symmetry than the system as:

V(®) = —p°dTd + %(qﬂcb)? (2.8)

Where A and p are two free parameters. This potential is Mexican-hat shaped there-
fore has a globa]ﬂ minimum at z different to 0, whereat at 0 is a local maximum.
This shape of the potential results in a non vanishing vacuum expectation value of
the scalar field:

1

V2

where ¢o denotes the ground state of the field. This gives two possibilities of fluc-
tuations around the ground state: around the azimuthal angle and the radius as
shown in Figure 2.1.

o() (01(2) + iga(x)) (2.9)

Vg

— Im(¢)

Re(¢)

Figure 2.1 Tllustration of the Mexican hat shaped Higgs potential V(®) with p? < 0.
The blue spheres represent the state of the system at the point of spontaneous symmetry
breaking in the ground state ¢q [30].

Angular fluctuations do not need additional energy, but radial fluctuations do need
additional energy. The full symmetry of the potential can be explored at high
energies, while at low energies the symmetry of the potential is broken. The non-
zero vacuum energy of the scalar field causes spontaneous symmetry breaking of
the theory. Three of the four degrees of freedom introduced with the doublet are
absorbed by the weak gauge fields, giving masses to the W and Z bosons. The
remaining degree of freedom corresponds to the Higgs field for which the quanta are
the Higgs bosons.

20Gymmetry breaking is referred when a minimal energy state has less symmetry than the physical
system itself [26].
210Only one.

15
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2.1.3 Limitations of the SM

The SM is a very successful theory and provides with accurate precision the known phe-
nomena in high energy physics. However it is still not complete and it leaves some open
questions. Because of some of the SM limitations presented in this subsection, one of the
most pressing issue in particle physics today is to find the correct extension of the SM.

Hierarchy and Fine-Tunning Problem

In the SM the particles gain their masses through the interaction with the Higgs field
as described in the previous section. In 2012 a particle was found in that fullfill all the
theoretical requirements of the Higgs boson [I][2].

At the energy scale used by the colliders experimets nowadays, gravity does not play an
important role, nevertheless if we go to a reduced Planck scale Mp = (87G Newton)’l/ 2 =
2.4 x 10"™GeV [32] quantum gravitational effects become important and other forces are
expected to become alike. The electromagnetic and weak forces become unified at the
electroweak energy scale My, defined by the vacuum expectation value of the Higgs field
which is of the order of 102GeV and it differs from the Mp scale by 16 orders of magnitude
in energy. The fact that he ratio Mp/Myy is so big is actually a good motivation to search
for new physics beyond the SM. This big discrepancy between the two energies scales is
the hierarchy problem.

Taking into account higher orders in Feynman diagrams, the parameters p? and AF_Q]
from the higgs potential are corrected by loop diagrams from each particle that couples
to the Higgs field. This corrections are proportional to the coupling /\ff to a fermion f
and therefore porportional to the mass of the fermion m7 as shown in Figure 2.2(a). This
leads to a correction to the squared Higgs mass m?. To get a Higgs mass of about 125
GeV there must be a cancellation between such a huge correction and the bare Higgs
squared mass. This cancellation requires incredible fine-tuning of the bare Higgs squared
mass which violates the naturalness [31] principle. The mass of the Higgs boson should
be modified by quantum corrections caused by virtual loop diagrams by [32]:

IAsl?
82

where )\, is the coupling strength of the fermion to the Higgs boson and A%, is an
ultraviolet momentum cutoff. It should be interpreted as the least energy scale were new
physics phenomena could alter the high-energy behavior of the theory. For example, if
A%, is taken to be in the order of Mp the Higgs squared mass parameter p? is about 30
orders of magnitude in energy higher than the measured. That is why a scalar boson S
can be introduced as shown in Figure 2.2 (b), as a solution to this problem because they
also couples to the Higgs field. These new particles whose quantum corrections cancel
out the loop integrals induced by the known SM particles. As fermionic loop diagrams
add positive contributions and complex scalar particles lead to negative contributions, the
fermionic loop diagrams could be cancelled out by scalar particles and vice versa. The
correction will result as:

Amy = -1 A%+ (2.10)

As
Am?, = WA?JV + ... (2.11)

22With a 125 GeV higgs mass, the parameters are taken to be u = —(92.9GeV) and A = 0.126 [32].

16
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By these two equations 2.8 and 2.9 we can appreciate that the quantum corrections
would compensate each other if each of the quarks and leptons of the SM are accompanied
with two complex scalars in the way [A;|? = g, then the A, contributions will be nicely
canceled. This is an elegant solution independent on the cutoff scale giving us a stable
Higgs mass, giving rise to a symmetry between bosons and fermions.

== ---- \ /
H <__ .

(a) (b)

Figure 2.2. Loop corrections to the Higgs squared parameter m?, due to a (a) fermion
f and (b) a scalar boson S. [32]

Dark Matter

By astronomical observations and cosmological calculations scientist noticed that some-
thing is missing. Fritz Zwicky, a swiss physicist, in his studies in 1933 on the explorations
of extragalactic nebulae [33]@, he found that the average density in the Coma system
would have to be at least 400 times larger than what was derived from observations with
luminous matter. Leading to the conclusion that dark matter should be present in greater
amount than luminous matter and most of the cluster’s mass is not visible. The clusters
appear to be gravitationally bound, but all the luminous material inside them does not
add up to the sufficient mass to retain the fast-moving galaxies. Throughout the years
other observations [34] and calculations were carried out with the rotation of galaxies,
were its tangential velocity seems to take a constant value after a certain distance from
the galaxy’s center, and the rotations do not follow the shape of the luminous contribu-
tions, indicating that there is more matter than expected [35].

Another proof of the existence of dark matter was given by gravitational lensing ef-
fects [34]. According to the general relativity theory the space is bended by gravity. By
this principle if light emitted by a distant source would pass by a very massive object it
should deviate from its straight path. Consequently the massive object will act like an
optical lens and it will bend light proportional to the mass of this massive object. This
effect was first observed in 1919 during the solar eclipse in front of Hyades star cluster,
whose stars appeared to be displaced as they passed close the mass of the sun [36] giving
experimental verification of general relativity. It was observed that the mass of the lumi-
nous visible matter of the massive object acting like a lens, cannot alone account for the
lensing effects [37]. The observed lensing effect presented results required concentrations
of unseen matter more massive than the expected from the plasma.

It seems that dark matter does not emit nor interact with electromagnetic radiation
and also does not couple via strong interaction, so it cannot be explained as SM matter.
It is pointed out that we have only observed approximately 5% of the total amount of

238pecifically in the dispersion of velocities in the Coma nebular cluster using the Doppler shift of their
atomic spectra.
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luminous matter in the universe [39], leaving us with an open question: What is dark
matter made of 7 Why is there so much? There is no suitable candidate in the description
of the SM for it, so a good extention of the SM proposing a weak interacting and massive
particle (WIMP) is described in some BSM formulations [40].

Unification of Forces

The coupling constants of the known forces are very different, one naively would not
think that unifying them is possible. However the couplings are not a fixed value but
dependent on the energy scale. The unified description of the electromagnetic and the
weak forces arose the question if any theory of unified forces possible. If we extrapolate the
coupling constants of the electromagnetic, weak and strong interaction at high energies
and high scales as shown in Figure 2.3 left, one could check if the unification is possible. In
the SM description we can see that the coupling constants run into each other but do not
reach the same value at the same energy. While it is necessary in the SM description to
unify the electromagnetic and the weak forces, it is not possible to unify the electroweak
ad the strong force, for example, without the idea of new physics playing a role beyond the
electroweak scale [I2]. As an empirical case and running the coupling constants at high
energies were new physics would happen, we could have new particles at this point. In
Figure 2.3 right new particles at a TeV scale have been introduced making the unification
of the three forces possible, as a consequence the need of new physics model.
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Figure 2.3 Running of the coupling constants (1) (left) electromagnetic (o), weak (o)
and strong («3) interactions as the gauge couplings in the SM. On the right the illustration
of running the coupling constants in a minimal supersymmetric extension of the SM chosen
to meet at some point near the Planck scale assuming that these new particles are not
heavier than about 1 TeV [41].

2.2 Supersymmetry (SUSY)

A solution to the problems in the SM presented before is required. Implementing a sym-
metry between fermions and bosons as a solution will be described in the following part,
which is best known as Supersymmetry (SUSY).

The particle content of the SM is roughly doubled because each known SM particle
is then associated to a supersymmetrical one which defers by 1/2 in their spin but is
equal in all the other quantum numbers. Fermionic superpartners are comonly denoted
by the same name of the SM only adding a s in the front (i.e., the electron superpartner
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is the selectron) and with the letters only adding a tilde (i.e., e becomes €). On the
contrary the bosonic superpartners have the suffix -ino to the name (i.e., W bosons
becomes wino). Simply speaking, a supersymmetric transformation turns a bosonic state
into a fermionic state and vice versa. In terms of operators, the operator () that generates
such transformation must be an anti-commuting spinor as [32]:

(Q)|Boson) = |Fermion), Q|Fermion) = |Boson)

Spinors are complex objects so the hermitian conjugate of the operator Q is Q' and
also a symmetry generator in the Weyl representatio. @ and Q' are fermionic operators
so they carry spin angular momentum of 1/2. As the SM has chiral fermions, a parity
violating interaction is possible, implying this, the generators @ and QT must follow the
commutation and anti-commutation relations:

{Q,Q"y = pr (2.12)
{Q.Q} ={Q",Q"} =0 (2.13)
[P, Q] = [P*,Q" =0 (2.14)

As SUSY generators are spinors, they naturally anticommute rather than commute
[42]. P* is the four momentum generator in the space-time translations. Equation 2.12
introduces a connection between SUSY and the space—time[z_gl translations, and equation
2.14 points that supersymmetric transformations are independent of the space-time po-
sitions. All quantum numbers, with the exception of the spin, should match their SM
partners. Schematically as shown in equation 2.14, P* commutes with the generators of
SUSY and the squared invariant mass operator P? = P*P,. Meaning that particle states
of a supersymmetric irreducible representation (multiplets denoted supermultiplets), con-
taining both boson and fermion states, should have equivalent eigenvalues of P?, and
therefore equal masses [32].

From observations we can deduce that this is not the case and SUSY is not realized
with equal masses, otherwise some sparticles would have been easily detected (like the
selectron). Up to the submission of this thesis, no supersymmetric particle has been
found. This can lead to the conclusion that supersymmetry must be a broken symmetry.
The way this happens is by introducing soft breaking terms into the supersymmetry La-
grangian [44]. By this soft breaking, the superpartners should acquire more mass than the
SM particles but the masses of the supersymmetric particles should not be much larger.
For this reason there is still a good motivation to discover supersymmetry at the Large
Hadron Collider (LHC) at CERN [32].

Particle Content of the Minimal Supersymmetric Standard Model (MSSM)
The minimal supersymmetris standard model (MSSM) represents a supersymmetric

extension of the SM with a minimal addition of particles [51]. Table 2.3 lists for every SM
particle, the name, spin and notation for its assigned super-partner. A representation of

24Weyl spinors describe particles with 1/2 of spin and a given chirality. Each left and right handed
spinors has two components. The component with left (right) chirality is denoted by 1, = ¥ (¥ = ¥g).
The matrices €, = i02 and €* = —joqy are used to rise and lower the spinoral indices @ and 3. o9
denotes the Pauli matrix [43].

25Noether’s Theorem relates conservation laws to dynamical symmetries. An invariance of physics
laws under continuous symmetry transformations is associated with a conservation law. In space-time
symmetries: translation in time conserves energy and translation in space conserves momentum.
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Particle SPartner Spin
quarks q squarks q 0
top t stop t
leptons l sleptons [ 0
electron e selectron e
muon w smuon i
tau T stuau T
neutrino V] sneutrino U]
gauge bosons gauginos 1/2
photon ~ photino v
boson Z Zino Z
boson W Wino %%
gluon g gluino g
Higgs boson Hq.j:’O higgsino ~7.j:’0 1/2

Table 2.3: Particle content of the MSSM [43].

the SUSY algebra is given by the construction of supermultiplet states. They are defined
as an irreducible representation combining fermion and boson states with the same quan-
tum number except the spin. A particle and a superpartner are put together to form a
supermultiplet. A supermultiplet has the same number of fermionic and bosonic degrees
of freedom nr = ng and by this we can construct two different supermultiplets:

e The first one is the most fundamental one and it is called chiral supermultiplet. It
contains a Weyl fermion of spin 1/2 and its superpartner (a sfermion) represented
by a complex scalar field of spin 0, this Weyl fermion has two helicity states np = 2
while the complex scalar field has its real and imaginary part, containing two scalar
fields described in a single complex scalar field (the sfermion) [43] each yield np=1.

e The second representation is the gauge (or vector) supermultiplet. They consists
of gluons and their fermionic superpartner the gluino. The field is obtained by a
massless gauge boson with spin 1 together with a spin 1/2 fermionic superpartner
called gaugino [53]. Both have two possible helicity states therefore np = ng = 2.

The particles in the supermultiplets are massless at least until the gauge symmetry is
spontaneously broken.

Recalling the SM fermions, which have different interactions depending if they are
left- (L) or right- (R) handed [53]. In SUSY the left- and right- handed should belong to
different supermultiplets and have distinct spartners. The fR and fL are different, even
though the concept of handedness does not have any meaning for a scalar particle with
helicity A = 0, the L and R indices only refer to the fermion helicity and not to the one
of its superpartner.

In the particle content of the MSSM the quarks and leptons are put together. In the
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SM the Higgs field h is used to give mass to quarks of the down type via YukawaP"| cou-
plings gdh and taking the complex conjugate to give mass to the up type quarks via qah*.
Taking into account the scalar Higgs field, it has to be included in a chiral supermultiplet
due to its spin 0 value. To let all the particles, except the Higgs bosons, the possibility
to gain mass, avoid gauge anomalies and supply the necesary Yukawa couplings, at least
two chiral Higgs doublets are required [32]:

_( Hf ~( HY
H“‘(HS)’ Hd_(H;)

with weak hypercharge Y = 4+1/2 and —1/2 respectively. So, how does the superpartners
of the SM gauge eigenstates mix to form the mass eigenstates of the MSSM [32]7

e In the doublets just shown, H, can only couple to an up type quark and the H; to all
down type quark. This complex Higgs doublets have in total 8 degrees of freedom,
the mechanism uses 3 degrees of freedom to give masses to the two W bosons (+£)
and to the Z boson. This leaves us with 5 degrees of freedom which [45][46]:

— h° H°: one light and one heavy neutral Higgs, even under C' P transforma-
tions.

— A% neutral C P-odd Higgs
— H*, H™: Two charged Higgs

e The higgsinos and electroweak gauginos mix with each other due to the electroweak
symmetry breaking. The neutral higgsinos (H2 and H3) and the neutral gauginos
(B,W°) combine to form four masses eigenstates called neutralinos X0 with i €
{1,2,3,4}. The charged higgsinos (H; and H;) and winos (W and ™) mix to
form two mass eigenstates with charge +1 called charginos )Z;-t with 7 € {1,2} to
differentiate between them according to their masses from lighter to heavier [32].

e In the SM the electroweak gauge symmetry SU(2), x U(1)y is associated with spin-1
bosons (W*? and B°), and with spin-1/2 to superpartners winos and binos (W*°
and BO). After electroweak symmetry breaking, the W and BY gauge eigenstates
mix to give mass eigenstates Z° and . The corresponding mixtures of W° and
B° are the zino Z° and photino 4. If SUSY were unbroken, they would be mass
eigenstates with masses my and 0 [32][54].

e The SM left- and right-handed fermions have different scalar superpartners. To
associate this, the interaction of the gauge bosons with the sfermions must be the
same as in the SM fermions. The u;, couples to the W boson, while g does not.

e Color conservation prevents gluinos mixing with higgsinos and other gauginos.

e Many SUSY models predict that third-generation squarks and sleptons have sub-
stancial mixing angles with the supertpartner of their chiral counterpart [32]. As the
top quark gives a dominant contribution to the radiative corrections to the Higgs
squared mass, the supersymmetric partner of the top quark, the stop, needs to be
relatively light (<1TeV [47]).

The superpartners of the left-and right-handed top quarks (referred to as 7, and tx

26The notion of a superpotential is that it governs all the possible Yukawa interactions of the matter
particles with the Higgs field [43].
2TCharge conjugation and Parity symmetry
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left-and right-handed stops) mix into the light and heavy stops [48] (£, and 5) as:

( 2 ) = R(2 x 2) ( ;L% ) (2.15)

There is a convention that mj < myg, therefore t; always denotes the lightest of
the two mass eigenstates. The stop mixing matrix R(2x2) is a unitary matrix and
the square of its matrix elements gives the left- or right-handed fraction of the stop
mass eigenstates. i.e. the square of Ry gives the ¢, fraction of the ¢; and the square
of Ry gives tp fraction of the ;. If Ry is equal to 1, the light stop is purely the
partner of the left-handed top quark. These mass parameters are favorable and
suitable for the LHC experiment [4§].

R—parity and the proton

As a consequence of the invariance between the SM baryon and lepton quantum num-
bers, the need of a new multiplicative quantum number is introduced in SUSY to avoid
the possibility of the proton decay. The decay time of the proton into lepton+meson final
states is known experimentaly to take approximatly a minimum of 103? years [32]. In the
decay channel p™ — e*7¥ in Figure 2.4 a possible proton decay is shown.

d et
5
- _‘ -——
pt
U U
ﬂ_()
-
U U

Figure 2.4 Diagram of the proton decay mediated by a strange squark. Both vertices
are R—parity violating [50].

Going through some of the SM quantum numbers that must be conserved, quarks have
the baryon number B assigned to be % and leptons a lepton number L of where
the process shown in Figure 2.4 violates leptonic and baryonic number conservation by
AB =1, AL = —1. The conservation of leptonic and baryonic number is defined as
R—parity:

PR _ (_1)3(3711)4*28 (216)

The value of Pg is +1 for SM particles and -1 for SUSY particles. By this it is similar
to conventional parity.

2B = 1(N, — Ng), with Ny(Nz) number of (anti-)quarks or (anti-)squarks.
B[ = Ny — N; with N;(N;) the number of (anti-)leptons or (anti-)sleptons.
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Taking the example from before of Figure 2.4, R—parity is not conserved and therefore
the decay is not allowed. The introduction of this new multiplicative quantum number
in SUSY theory, which has to be conserved at every vertex of a Feynman diagram, has
several implications, for example [54]:

e There should be a lightest supersymmetric particle (LSP) which needs to be stable,
otherwise having a R—parity of -1 would decay to a SM particle with R—parity of
+1. If this LSP is electrically neutral it would be the perfect candidate for dark
matter.

e SUSY particles, except the LSP, would decay directly or via intermediate steps to
an odd number of LSPs.

e SUSY particles coming from SM processes are produced in pairs assuring to have
R—parity of +1 in the final state.

SUSY Breaking

Theoretically the selectron weights more than the electron, squarks weight more than
quarks and so on. No superpartners have been observed so far. If SUSY is manifested
in nature it should be a broken symmetry, and in order to guarantee the solution to the
hierarchy problem, it rather be soft as mentioned before [44].

2.3 Benchmark Model

Simplified models are built with the minimum number of particles required to produce a
final state of interest. In these models, all SUSY particles except those directly involved
in the particular decay mode studied, are put at a very high mass scale. In this way, the
free parameters of the model can be greatly reduced. In the simplified models approach,
one considers the production of a pair of specific superpartners and follows their decay
chain under the assuption that a limited number of decay modes dominate [52].

In this section, four simplified models describing direct stop pair production, used in
the stop searches are described. In this thesis only the pure bino LSP model is used.
The free parameters in this model are the stop and neutralino masses. The neutralino
X! is considered to be the LSP, and it also stable due to the assumed R-parity conservation.

LSP Scenarios

There are various LSP scenarios allowed in the MSSM model.

e Pure Bino LSP: this scenario only involves the stop quark #; and the lightest neu-
tralino ¥ (LSP), as shown in Figure 2.5 a). Looking at the Feynman diagram in
figure 2.6 left, the stop quark decays into a SM top quark and the LSP which is
kinematically allowed.

e Wino NLSP: in this model (simplified), the wino (chargino) mass is assumed to be
twice as large as the bino (lightest neutralino) mass involving as well the second
lightest neutralino in the process, as sketched in Figure 2.5 b).
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e Higgsino LSP: is a scenario where the mass spectrum of the higgsinos (neutralinos
and a chargino) are compressed. The stop decay mode and its branching ratio
strongly depends on the chirality (handedness) of the stop [59]. The right-handed
stop has a large branching ratio to a bottom quark and a chargino called the bC1
mode (as Feynman diagram 2.6 right), and the left-handed stop decays mostly to a
top quark and the neutralino named the tN mode (as Feynman diagram 2.6 left).

e Bino/Higgsino mix: it is not necessary that the LSP is a pure state of either a bino,
Bino o a higgsino. This scenario targets a called “Well-tempered Neutralino” as a
mix of the bino and wino scenario [56]. The mass spectrum of the gauginos (higgsinos
and bino) is expected to be compressed, typically 20-50GeV mass splitting, having
a soft lepton as a signature [89].

These main scenarios are shown in Figure 2.5 where it represents less massive sparticles
(bottom), and more massive sparticles (top).
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Figure 2.5 Tllustration of the sparticle mass spectrum for various LSP scenarios a) Pure
bino LSP, b) wino NLSP, ¢) higgsino LSP, d) bino/higgsino mix. The black lines, as a
representation of #; and by, decays into various electroweakino states: the bino state (red
lines), wino state (blue lines) or higgsino state (green lines). The sparticle masses are
greater at the top as the y-axis indicates [89)].
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Figure 2.6 Feynman diagram illustrating the scenario where the stop decays into a top
quark and the lightest neutralino (right) [57], and the stop decays to a bottom quark and
a chargino (left) [58].
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Main stop Decay Scenario

The stop can decay in a variety of final states, depending on the mass spectra of SUSY
paricles. In this analysis we are going to focus in the spectrum of the stop quark and the
neutralino in a pure bino LSP model. The mass phase space is presented in Figure 2.7

with the possible decays depending in the mass splitting Am = m;, — M-
1

o0
m()-f’?) “[Ge\f] Am = m(t)) — m(Xy)
\ .
® R
A P
S A
R
-0 D KQ\' bé\ag
m(fl) < m(Xy) $\, $\ RN
G ‘0\ P V¢
100 - N TN
7‘ 7‘ A oA
KJ\‘ \)\’ /\JJ\’ ’."".' H&’\‘
0+ — - —
o  MWrmblypg MO 200 300 m(f,) [GeV]

Figure 2.7 Preferred stop decay modes in the plane spanned by the masses of the stop
(1) and the lightest neutralino (Y9) taken to be the LSP, in a pure bino LSP scenario.
Stop decays to supersymmetric particles other than the lightest neutralino are not taken
into account [55].

When the mass difference Am is bigger than the mass of the top quark (~ 173GeV
[T1]), the stop decay to a top quark and a neutralino. On the following section I will
describe in more detail the three-body decay (f; — bWX!) and the four-body decay
(t1 — bf f'X?); but just to mention that the forbidden region is when the mass of the stop
is less than the mass of the neutralino.

3-body decay

In a pure bino LSP scenario the decay through a 3-body decay bWN (¢; — bW R?)
is possible. The signature that we are looking at the final states is an isolated muon or
electron (commonly only denoted as charged lepton) coming from the on-shell W boson
leptonic decay, the other W boson would decay hadronically originating two jets, and
the undetected neutrino and the two LSPs will give a significant amount of undetected
energy, as we can appreciate in Feynman diagram of Figure 2.8 left.

4-body decay
For the four body decay, also in a pure bino LSP scenario, but the difference in the

mass Am is even smaller than in the 3-body case. The leptons in the final state orig-
inating from the off—shellm W boson decay are expected to have very low momentum.

30Particles off-shell describe fields that don’t have to obey to the equations of motions and also describe
virtual particles [60].
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Figure 2.8 Diagrams illustrating the considering signal scenarios. The three-body decay
bWN (¢, — bW Y) on the right. The four-body decay bff’N (#; — bf f'x?) on the left.

The stop quark can decay to a bottom quark, two different and light fermions and the
LSP. This decay yields final states containing a lepton plus jets accompanied with a huge
amount of undetected energy.
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Experimental Setup

At the European Organization for Nuclear Search (CERN) physicists and engineers probe
the fundamental structure of the universe. The main aim was to establish a world-class
fundamental physics research center and it has being doing it so since more than 60 years.
It is located at the boarder of France and Switzerland, near the city of Geneva [63]. At
CERN the discovery of various fundamental particles took place, contributing to a better
understanding of the SM by measuring their properties accurately. Since the discovery of
the Higgs boson in 2012 [I][2], the Large Hadron Collider (LHC) is now one of the best
tools to search for new physics phenomena beyond the SM.

The contribution of CERN is not only limited to particle physics, but also in fields
of medical physics, computer science and engineering. There are different experiments
carried out at CERN. Just to mention two of the most notables: The Super Proton Syn-
chroton (SPPS) which lead to the experimentally discover of the Z and W bosons in 1983
and the Large Electron Positron Collider (LEP), providing great precision in the studies
of electroweak interactions [65].

3.1 The Large Hadron Collider (LHC) and the Acceleration Chain

CERN decided to give a use to the originally build LEP tunnels [66] after it was out of
service. It was decided to install a hadron collider that could operate at very high energies
to become the most powerful particle accelerator. The whole tunnel has 27 kilometers
in circumference about 100 meter underground and consists of superconducting magnetsﬂ
with a number of accelerating structures to boost the energy of the particles. To col-
lide two beams of equally charged particles, it requires opposite magnet dipole fields, in
both beams. In 2010 the LHC started with proton-proton collisions at a center of mass
energy of /s=7 TeV until 2011 and in 2012 with 8 TeV. The data was taken in these pe-
riod of time (Run I). Then a shut down came and Run II started in 2015 with /s=13 TeV.

To carry out the proton-proton collisions, denoted as pp, several steps are processed,
the storage ring cannot accelerate particles from rest. Instead it relies on a chain of pre-
accelerators raising the kinetic energy of the particle beams before are injected in the
LHC. First protons need to be produced, so with use of an electric field in a hydrogen
chamber, the electrons are stripped off the atoms and the hydrogen atoms are ionized
yielding protons. Then these protons are accelerated starting at LINAC as shown in
Figure 3.1. Then these accelerated protons are transferred to the Proton Synchrotron

!The main dipoles generate 8.3 T magnetic fields [64].
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Booster (PSB) and the energy there is increased up to 1.4 GeV [67]. The next stage in
the protons acceleration happens at the Proton Synchrotron (PS) up to 25 GeV proton
energy. The Super Proton Synchrotron (SPS) finally takes the protons increasing their
energy to 450 GeV, with this amount reached the protons can now be injected to the LHC.
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Figure 3.1 CERN Acceleratior Complex [68]. Schematic overview of the accelerators at
LEP and LHC and description of the accelerations of protons and their stages. Starting at
LINAC through the Proton Synchrotron Booster (PSB), Proton Synchroton (PS), Super
Proton Synchroton (SPS) and finally injected to the LHC.

After the acceleration process, the proton beams are brought to collision in four dif-
ferent points where different experiments are settled. There are two general purpose de-
tectors, ATLAS (A Toroidal LHC ApparatuS) [70] and CMS (Compact Muon Selenoid)
[71], designed to search for several processes. In particular measuring the Higgs boson
and searching for supersymmetric particles. The other two are specialized experiments
named ALICE (An Large Ion Collider Experiment) [72] and LHCb (Large Hadron Col-
lider beauty) [73]. At ALICE the investigation with heavy ions collisions takes place
to have a better understanding of QCD. Finally LHCb is focused in B—physics (decay
of hadrons containing bottom quarks) studying the relations and asymmetry between
matter-antimatter. An schematic overview of the four experiments near Geneva is appre-
ciated in Figure 3.2.

3.1.1 LHC Parameters

The center of mass energy /s is a critical parameter at the LHC for new physics searches.
It is defined by an equation describing the momentum of the two beams about to collide
by s = (p1 + p2)? with p; and p, the 4-momenta vectors of each colliding particle. At
the LHC each particle have the same energy and momentum, explicitly p; = (E,, p) and
p2 = (Ep, —p). The maximal value achieved of the center of mass energy at LHC is 13
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Figure 3.2 Overal view of the LHC. View of the four detectors: ATLAS, CMS, ALICE
and LHCb [69].

TeV which is a good scenario to look into BSM physics. With such high energy collisions,
massive particles at the TeV scale can be produced, if they exists at such scale.

To measure the performance of the particle collider another important parameter
referred as luminosity is introduced. The higher the luminosity, the larger accumulated
data set, and a large amount of data is needed and essential to perform high precision
measurements and study new physics models [74]. Instantaneous luminosity £ is the
measure of the number of collisions that can be produced per cm? and second. The £
decreases with the run time and it is constrained to machine parameters. After a certain
amount of time the circulating beams will be dumped and new ones will be injected in the
LHC. The integrated luminosity is then the integral of £ over a certain amount of time,
generally corresponding at LHC to entire run periods (one or two years of data taking).
We can calculate the number of events (Neyents) produced via certain physics processes
with a production corss section o from the integrated luminosity [ Ld¢ by [75]:

Nevents == U/ﬁdt (31)

The unit of the integrated luminosity is usually inverse barn (b™!), where 1b =
107*e¢m? and o is analogously in units of barn (b).

3.2 ATLAS Detector

With the LHC delivering proton-proton collisions at very high luminosities, specialized
detectors are needed. The ATLAS is a complex particle detector and one of the main
four located at LHC. The principle in optimizing the ATLAS experiment is to maximize
the discovery potential for new physics such as the Higgs boson and supersymmetric par-
ticles, while keeping the capability of highly accurate measurements of heavy quarks and
gauge bosons [76]. Particles that escape undetected like neutrinos or not yet discovered
particles, carry away a certain amount of energy, which it will be referred and measured
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miss

as missing transverse energy (E7"** explained in more detail in section 4.2.8).
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Figure 3.3 The ATLAS detector subsystems [77].

ATLAS is a huge detector, it is 44 meters long and 25 meters high as shown in Figure
3.3. The overall weight is about 7000 tons. The experiment covers broad SM and BSM
studies with a collaboration including over 175 institutes from 38 countries with more
than 3000 physicist. As seen in Figure 3.3, ATLAS is composed by several sub-detector
systems. In Figure 3.4 the purpose of each sub-detector is illustrated.

Combining the information of the different sections in ATLAS, different types of parti-
cles can be identified. Figure 3.4 shows how each sud-detector reacts to different types of
particles with the following description. When particles do not interact with the detector
material being like invisibles in all the sub-detector systems, like the neutrinos, we have
a rise to the missing momentum in the transverse plane.

3.2.1 ATLAS Coordinate System

ATLAS has a cylindrically symmetric geometry. It uses a right-handed Cartesian coor-
dinate system, where the z—axis is oriented along the beam pipe and it is pointing in
anti-clockwise beam direction, the z—axis is defined to point to the center of the LHC
ring, while the y—axis is pointing upwards as shown in Figure 3.5 (left). The reference
point is set where a pp interaction point takes place, and if not, to the center of the
detector. In spherical coordinates system, r is the radial distance to the reference point,
the polar angle 6 is measured in the y — z plane, and the azimuthal angle ¢ is measured
from the x—axis in the transverse plane [79]. When the geometry of the detector and
the interaction with Lorentz vector particles is described, pseudorapidity 7 is often used
instead of 6 and it is defined as:

n= —ln(tang) (3.2)
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Figure 3.4 Transverse overview of ATLAS sub-detector system [78].

In Figure 3.5 (right) the pseudorapidity is zero along the y—axis and along the z—axis
it approaches to infinity. It is used to give a description of the trajectories of massless
objects. For massive objects the rapidity difference is an invariant under a boost along
the z—axis and is defined as [80]:

1. E+p,
y = §1n<E’—pz) (3.3)
n=0
0290° /T]=0.88

0=45°

o=10-—>N=2.44
0=0>—> TI =00

Fugure 3.5 The ATLAS Cartesian coordinate system (left). Values of pseudorapidity 7
for different polar angles 6 [81].

In the collisions quantities as energy and momentum are conserved effectively in
the x — y plane transverse to the beam axis, by this some kinematic variables are de-
fined in the transverse plane, such like transverse momentum py and transverse energy
Er = \/m? + p? of a particle with mass m are naturally of particularly interest in the
hadron collision experiments. Another useful parameter is the angular distance of two
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objects in the azimuthal-pseudorapidity angle as AR = /An? + A¢?.

3.2.1 Inner Detector

The detector system closest to the beam line is the inner detector (ID). It is 6.2 m long
and 2.1 m in diameter placed in a 2 T magnetic field generated by the superconducting
solenoid and it is the part responsible on tracking charged particles. By the Lorentz force
a charged particle travels through the ID in curved tracks, so the charge of the particle
and its momentum can be inferred by the strength and direction of the curvature of the
track.

Is composed of three tracking sub-detectors which are independent but complementary
to each other. The innermost is the pixel sub-detector offering a full coverage in ¢ and
providing a high spatial resolution. One additional layer is the Insertable B-Layer (IBL),
being the fourth layer of the pixel detector and the closest to the interaction point, improv-
ing the tracking, vertexing the identification of hadrons containing b—quarks (b—tagging).

Outside the pixel detector the semiconductor tracker (SCT) [82] is placed, using long
and narrow silicon microchips arranged in parallel to the beam axis allowing a precise
tracking along the transverse plane to the beam axis.

Finally, the transition radiation tracker (TRT) in the most outer part, complements
these two high-precision tracker detectors and it consists of a barrel and two end-caps. It
is a straw tube detector which is made of transition radiation material. Each straw tube
is filled with gas mixture which charged particles ionized. The wall of the straw tube is
made of polyamide which enhances the photon emission of the passing charged particles.
The amount of radiation depends on the particle mass. Therefore in addition the TRT
provides information to identify electrons and charged pions in the r — ¢ plane.

3.2.3 Calorimeter

The ID is surrounded by the calorimeter structure consisting of an electromagnetic calorime-
ter (ECAL) and a hadronic calorimeter (HCAL). The calorimeters measure the energy
of particles by stopping them in the calorimeter material, this requires the calorimeter
to be sufficient large, so the particles after passing the ID, the particles are stopped in
the calorimeter, giving rise to a shower of other particles [83]. The ATLAS detector uses
sampling calorimeters which are composed of passive and active materials placed in a like
sandwich structure.

Electrons and photons are detected in the ECAL, which uses lead plates as the passive
material and liquid argon (LAr) as the active one, measuring the electromagnetic showers.
ECAL is enclosed by the HCAL detecting strong interacting particles. HCAL is composed
of a tile calorimeter in the central region using steel as an absorber and some others
scintillating tiles as the active material. The tile calorimeter is subdivided itself in two
parts, both parts using LAr as the active material: the hadronic end-cap calorimeter using
cooper as the absorbing medium, and the forward calorimeter using cooper and tungsten
as absorber.
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3.2.4 Muon Spectrometer

Muons can penetrate the ECAL and the HCAL, so a muon spectrometer (MS) is needed
and it is the outermost sub-detector system of the ATLAS detector, as appreciated in Fig-
ure 3.4. Just like the ID, the MS measures momenta by bending the muons trajectories
in a magnetic field. By its three air-core toroids producing a magnetic field configuration,
the magnetic field is almost orthogonal to the muons trajectory.

The MS consists in three cylindrical layers in the barrel region, measuring the track
bending by monitored drift tubes (MDTs). In the end-cap, the MS has three vertical
wheels perpendicular to the beam constitute of high granularity cathode strip chambers
(CSC) used for the tracking.

3.2.5 Trigger and Data Acquisition

During the shutdown in the transition period to Run II, the ATLAS trigger system was
upgraded [84]. The three-level trigger system of Run I was reduced to two stages, with the
previous two high-level triggers merged to one. By reducing the number of levels the data
transfer rates are reduced allowing to run improved high-level trigger (HLT) algorithms.

To reduce the large amount of data that is produced with the collisions in ATLAS,
triggers have to be used in order to provide a certain selection of events that are to be
stored. A two-level trigger system is deployed to filter out events irrelevant for the analy-
sis [85]. The level 1 triggers (L1) search for high- momentum particles based on a subset
of the detector information available to reduce the time needed for the decision. Using
data from the calorimeters and the muon system the L1 trigger identifies so-called regions
of interest (Rols) in the detector, given by certain coordinates in the n — ¢—space. This
happens within 2.5 ps and reduces the event rate from 40 MHz to 100 kHz [86].

The second trigger step is the HLT and in contrast to the L1 trigger system it is
purely based on software and either takes the information on the Rol’s from L1 as an
input or uses the full-event information for offline-like algorithms. Different combinations
(chains) of HLTs and L1 triggers, targeting various signatures, are used simultaneously.
The selection criteria of the HLT chains are tuned to reduce the total data rate further
to about 1 kHz and the selected events are written to persistent storage.
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Chapter 4

MC Simulation and Reconstruction
of Objects in ATLAS

This chapter summarizes the data sets and Monte Carlo (MC) simulations which are
used in the analysis described in this thesis. The reconstructed events using the collected
information are presented. Object reconstruction and identification is described in section
4.3.

4.1 Collected Data

As explained in section 3.1.1 and equation 3.1, the amount of collected data by ATLAS is
given by the integrated luminosity. The analysis in this thesis used proton-proton collision
data recorded in 2015 and 2016 at \/s=13 TeV corresponding to a integrated luminosity
of 36.1fb~1.

4.2 Monte Carlo Simulations

A very important aspect in various physics experiments are Monte Carlo (MC) simula-
tions. They are used to model the distributions of the theoretical expectations. Then we
can form predictions directly comparable to real data. We can visualize the real data and
simulated data (MC) processes in the following way:

e Real data:
Collision—Detector—Trigger—Reconstruction
e Simulated data:
Event generator—Simulated Detector—Trigger—Reconstruction

MC events are generated using the so called MC event generators using parameters
tuned to ATLAS [95], which are capable on simulating a wide range of the most interesting
processes expected at the LHC, SM processes and probably BSM. Event generators are
usually required to extract signal of new physics from the background of SM processes.
Then the events are processed by a detector simulation. Physics objects in the events pro-
cessed without the generator detector simulation are called generator level objects, while
after the detector simulation they are referred to as reco-level objects. In Table 4.1 the
MC generators used for the analysis are listed which are used to simulate the signal and
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background processes.

The generation of specific processes includes different parts like: hard scattering and
interaction, parton showers, hadronization and decays [93] as shown in Figure 4.1. Hard
scattering constitutes on the process of interest in the collision, it happens at large scale
and with large momentum transfer. During hard interaction, heavy objects can be cre-
ated. Parton showers are the result of initial state radiation (ISR) and final state radiation
(FSR) where quarks and gluons can irradiate off gluons, which themselves can split into
a quark-antiquark pair or irradiate again gluons and so provoking a “shower”. The sim-
ulation of these showers starts from the hard processes downwards to lower momentum
scales. In the order of 1 GeV, perturbation theory breaks down so that gluons and quarks
starts the hadronization process.

At proton-proton collisions more interactions can take place, in which additional, soft
particles (low energetic) are produced. These interactions are called underlying events or
pile-up. At the last step we have the particle decays. Many particles produced in the
collision have unstable resonances. Modeling their decay into particles leads to what is
later observed in the detector.
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Figure 4.1 Various stages of a typical hadronic reaction in proton-proton collisions [94].

approach interaction shower

The number of MC events (Nj¢) must be scaled to the integrated luminosity (£) of
the data samples and the predicted cross section of the MC processes (oy¢) in order to
compare them to the number of data. Two additional correction factors must be applied.
The k-factor (k) describes the effects of the next-to-leading order corrections, and the
filter efficiency €yiye, accounting for the input filters of the generator to choose certain
particles. These components lead to the scaling factor fy;c defined as:

k- Efilter fﬁdt “OMC
fMC = N
MC

(4.1)

4.2.1 Monte Carlo Standard Model Samples (Background)

The SM processes which are more relevant for this thesis are the top quark pair production
(tt), W boson production in association with jets and single top.
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Process Generator(s) PS and Hadr. Corss-section Calculation
tT POWHEG-BOX v2 [96] PYTHIA 6 [97] NNLO-+NNLL [98]-[103]
Single-top (W't) POWHEG-BOX v2 PYTHIA 6 NNLO+NNLL [I04]-[106]
W +jets SHERPA 2.2.0 [107] SHERPA NNLO [107]
Diboson SHERPA 2.2.1 SHERPA NNLO
ti+V MG5_ aMC NLO 2.2.2 [I08]  PYTHIA 8 [109] NLO [108]
SUSY signal MG5- aMC NLO 2.2.-2.4 PYTHIA 8 NLO+NLL [I17]

Table 4.1 Overview of the nominal simulated samples taken from [89] and used for the
analysis. The single top processes includes the t—, s— and Wt channels.

e it ¢ The top-antitop quark processes are produced via the strong interaction and
have a signature of two W bosons and two b—jets (t — W + b). The tt is also
characterized by the number of charged leptons from the W boson decay:

— Dileptonic decay: tt — WTbW~b— [Ty;bl";b. The background is low, but
also small branching ratio.

— Semileptonic decay: tt — WTbW ~b— ql(jgbliljl. Higher branching ratio and
a relatively low background.

— All hadronic decay: tt — WHbW b — q,G2bqsqsb. Very high branching ratio
and huge background.

Figure 4.2. tt Semileptonic decay example [127].

The semi-leptonic ¢t decay (see. Fig. 4.2), is very similar to the signal 3-body
process with the exception of the two missing x{ (see Fig. 2.8 left). The nominal
tt MC cross section of the simulated processes are normalized to next-to-next-to-
leading order (NNLO) [98] with the gluon emission resummation of soft gluon emis-
sion at next-to-next-to-leading logarithmic (NNLL). They are generated with NLO
generato POWHEG [96] interfaced to PYTHIA [97] for parton showering and hadroniza-
tion. Some additional ¢¢ samples are used for systematic uncertainties evaluation
and generated with MG5_ aMC NLO (NLO) interfaced to PYTHIA 8, SHERPA and
POWHEG+HERWIG++ [112][I13] for evaluation of systematic uncertainties.

e V+jets ¢ The combination of W and jets has a large cross section. The samples
are generated with SHERPA 2.2.0 [107] and merged with SHERPA parton shower
[114] using the ME+PSQNLO prescription [I15]. The W+jets events were further
normalized to the NNLO cross-sections [89].

! And charge conjugate processes.
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e Wt e The single top samples are calculated just as the ¢f samples. For the simu-
lations of Wt process, the diagram removal (DR) scheme is used [I17]. Additional
samples for Wt + b are generated with MG5_ aMC NLO (LO) interfaced to PYTHIA
8, in order to assess the interference effect between the singly and doubly resonant
processes as a part of the Wt theoretical modeling systematic uncertainty. This is
explained in more detail in section 6.3.2.

4.2.2 Monte Carlo Signal Samples

Models where the supersymmetric partners of the top quarks are directly produced, are
used to interpret the results of the analysis in the following chapters, and referred as
signal. Samples for direct stop pair production are generated with MADGRAPH [110] in-
terfaced with PYTHIA 8 [I11] for parton showering and hadronization. In the pure bino
LSP scenario described in section 2.3, the stop is decayed with MadSpin [118] interfaced
to PYTHIA 8. For the #; — bWx? and £; — bf fx! signal samples, the MadSpin emu-
lates kinematic distributions such as the mass of the b1V system to a good approximation
without calculating the whole matrix element (ME). For the MadSpin samples the stop is
assumed to be composed mainly of t(~70%) [87].

The SUSY signal simulated via MC for different masses of the stop and neutralino are
called mass points. The considered mass points for the 3-body decay case are: m(#1, X})
= (350,200), (350,230) and (350,260) GeV are considered. For the 4-body decay case
m(t;, ¥9) = (350,270),(350,300) and (400,350) GeV.

4.3 Object Definitions

As discussed in section 3, the reconstruction of various particles types requires the com-
bined information of different parts of the ATLAS detector, by this assigning energy
deposits and tracks to the studied particles. However, this is not always straightforward
and miss identifications can happen. To avoid this certain quality criteria are introduced
which help to identify the particles as good and correctly as possible.

Not all reconstructed particle candidates are relevant for every analysis, the different
signal models under study predict certain object properties in the events so, additional
selection criteria are applied on different variables to reject events that are not needed,
most likely background. These criteria include e.g. restrictions on the number of certain
particles or a minimum value in transverse momentum. As in many analyses, there are
several steps, starting with a preselection, so the objects that pass this preselection are
named baseline objects. Afterwards some more sophisticated criteria are required to
obtain the event selection, so the remaining particles are the signal objects. Only the
signal objects are considered as a potential outcome of supersymmetric processes. Either
way we need to include baseline objects for the background estimation. In this thesis the
analysis selects final states with exactly one lepton. Therefore events are reconstructed by
requiring at least one reconstructed vertex, exactly one electron (e) or muon (u), several
jets and large amount of missing transverse energy (E77*).

4.3.1 Event Cleaning

Data corruption given by detector problems, software bugs, noise bursts and other issues
can happen. Before using the events for the analysis, events must pass an event cleaning
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resumed in some stages [88]:

e Good Run List The Good Run List (GRL) is used to remove luminosity blocks
affected by detector problems (aprox. 1-2 minutes of data taking).

e Primary Vertex The events kept have a reconstructed primary vertex with at
least two tracks with pp >E]400Me\/ [89]. The primary vertex of an event is defined
as the vertex with the highest Y p2 of the associated tracks. Events are rejected if
no primary vertex is reconstructed.

e Cosmic Muons Cosmic-ray showers produced in the atmosphere can overlap with
collision events. Since ATLAS is deep underground, the particles reaching the AT-
LAS detector are predominantly muons [90]. To avoid this a veto is applied in
cosmic muons candidates. Criteria depending on the longitudinal and transverse
parameter of impact in reference to the primary vertex are placed.

e Jet Cleaning Jets arising from cosmic rays, beam induced backgrounds or detector
noise are suppressed by applying a quality criteron named VeryLooseBand described
in [90]. It applies certain requirements depending on the signal pulse shape in the
LAr calorimeter, track variables and energy ratios.

4.3.2 Object Definitions

Only events that pass the event cleaning can be considered as potential candidates for the
analysis. The object selection consists on: preselection, overlap removal (OR) and signal
selection. The OR tries to ensure that there is no double counting of objects. The events
that pass the OR are submitted to a final process to select the signal objects. Baseline
leptons that passes the OR but fail at least one signal criteria, are named loosed leptons.

Electron

Electron candidates are reconstructed from energy clusters formed in the ECAL matched
to a track in the inner detector, and identified using the VeryLooseLH definition in [91],
which is the criteria they must fulfill. These criteria set requirements in the showers
widths and energy deposits in the ECAL or the number of hits in the detectors of the ID.
Energy calibration is applied to reconstruct the electrons in Monte Carlo to be capable
to reproduce the performance of the electron measured in data. The baseline electrons
required to have a pr >5 GeV and |n| <2.47 and they are used for the OR between jets
and electrons and the residual baseline electrons are used to veto events with extra leptons.

To suppress electrons from secondary vertices, signal electrons must have a transverse
impact parameter with respect to the primary vertex (dy) satisfying |dy|/o¢ <5 with g
the uncertainty. Also the distance from this point to the primary vertex along the zj
beam direction, needs to satisy |zgsinfl| <0.5mm. Furthermore, they must pass several pr
dependent isolation criteria. This guarantees better discrimination against semileptonic
decays of hadrons and miss-identified jets [89].

2pr is the transverse momentum.
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Muon

Muons are reconstructed from combined tracks formed in the ID and MS. Baseline
muons up to || <2.7 are used and they require to have a pr >4 GeV and fulfill the
“Loose” [92] identification criteria. Signal muons must pass as well the baseline require-
ments and in addition to have impact parameters of |dy|/o¢ <3 and |zpsinf| <0.5mm and
satisfy the “Medium” [92] identification criteria. Like electrons, muons have a similar
isolation criteria but with a fix cut on track-based isolation energy over the muon pr,
furthermore there is no separation between loose or tight muons [89)].

Jets

Jets are made of hadrons and other particles which are produced by hadronization of
a gluon or a quark and tend to travel approximately the same direction.

Jets are reconstructed from three-dimensional topological clusters in the calorimeters.
The cluster starts with a cell with a certain ratio of energy deposit above a threshold.
Then, neighboring calorimeter cells that have significant energy deposits compared to the
expected noise are grouped into the clusters. Using these clusters, jets are reconstructed
by the anti-k; jet clustering algorithm [I19] with a distance parameter of R=0.4. The
reconstructed jet candidates are calibrated [120] to account for the effects from i.e. the
calorimeter non-compensation and inhomogeneities using calibration factors which de-
pend on the energy and n of the jets. The calorimeters have a different response for
electromagnetic and hadronic constituents of the jets. The energy losses in inactive re-
gions and the energy deposits which are below the noise threshold are not used in the jet
reconstruction. The longitudinal energy leakage of the shower also causes the energy loss
in the calorimeters. In addition, particles from pileup interactions (additional pp colli-
sions) also affect jet energies; these additional particles increase the jet energy response
and make it luminosity-dependent.

In the simulation truth jets are formed from truth particles wiath a lifetime > 10 ps.
produced in the fragmentation model of the MC generator. The calibration factors are
so derived from simulation and defined by [120]:

E’I‘ECO

Etruth

R(E,n) = ) (4.2)

where F,..., is the reconstructed energy and Fy.., is the truth jet energy. The jet
energy calibration also corrects for pileup effects. The calibration is then validated with
test-beam and collision data. This pr and n-dependent jet energy scale (JES) calibration
corrects the energy of the jet to be the same as the energy of the corresponding particle
level on average. There is also a pile-up correction to the direction of the jet to point to the
primary vertex, and a further correction to reduce the quark-gluon composition and topol-
ogy dependence (GSC). The baseline jets are required to have a pr >20GeV and are used
to perform the overlap removal. Signal jets are required to have pr >25GeV and |n| <2.5.
Events containing a jet that does not pass the jet quality requirements (“jet cleaning”)
are vetoed from the analysis to suppress detector noise and non-collision background [121].

b— Tagging
Jets containing b—hadrons are identified as b—jets. The b—jet identification is based in
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general on the measure of the first and secondary vertex. In this analysis a discriminant
MV2c10 [122] is used, which is an algorithm based on a boosted decision tree (BDT).
It is trained also to discriminate against ¢ jets. By cutting on the output weight of the
algorithm, one can discriminate b jets from light jets and c¢ jets. This BDT combines
inclusive secondary vertex and b—hadrons decay chain properties together with the b-
tagging logarithmic likelihood ratios based on the signed impact parameters of associated
tracks. Different cut values provide different b-tagging efficiencies and light and c¢ jets
rejection rates. These cut values are referred as operating points. The operating point at
€,=76.97% b—tag efficiency is used, corresponding to an inclusive efficiency in a simulated
tt sample. This corresponds to a rejection of ~ 130 for jets originating from gluons ans
light-flavor quarks, and ~ 6 for jets induced by charm quarks [89)].

Jets passing the pileup cleaning requirement and the b—tagging acceptance of p; >20GeV
and n <2.5 are b—tagged. Scale factors that take discrepancies between data and MC in
tagging efficiencies are applied to the MC events.

Hadronic 7

One of the main backgrounds of this analysis is tf decaying into an electron or muon
and a hadronic 7. To identify the 7’s it is important to build discriminating variables
against this background. Hadronically decaying 7 leptons are reconstructed as jets but
use a separate jet calibration, using the “Loose” identification criteria [123], which has a
60% (50%) efficiency for reconstructing 7 decaying into one (three) charged pions. With
these tau candidates the energy scale is corrected and these taus require to have one or
three associated tracks with the corresponding jet with total electric charge opposite to
the selected electron or muon with pr >20GeV and |n| <2.5 [124].

Photons

Photon candidates are not used in the main event selections of the presented thesis
but are used in background estimations and cross checking of ¢+~ regions. Photons are
reconstructed the same way as electrons but without the requirement on the ID track
match. They are identified using the “Tight” [125] criteria. They are required to have a
pr > 145GeVP| and |n| <2.37 excluding track regions of 1.3< |n| < 1.52.

Missing Transverse Energy

The missing transverse energy E7** is defined as the magnitude of the missing trans-
verse momentum vector pi***. The missing transverse momentum vector is measured
from the momentum imbalance in the transverse plane of the detector as the negative
sum of the transverse momenta of baseline jet candidates, electrons, muons and an extra
soft term built from high quality tracks associated to the primary vertex but no to the
baseline objects [126]. The photons and the hadronically decaying 7 are not considered
but enter as jets, electrons or via the soft term allowing EM*** to be almost independent
of pileup effects. In addition tracks that are not associated to reconstructed objects are

included in the EZ'*** calculation.

3In order to be a photon trigger plateau (HLT_ g140 _ loose) [87].
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Overlap Removal

There are some ambiguities when the reconstruction of objects takes place. It can
happen that an electron can also be reconstructed as a jet in the calorimeters. This type
of ambiguities needs to be solved in order to avoid double counting of the energy of the
calorimeters cells that are shared by the electron and jets candidates. Also the procedure
needs to be capable of retaining two different but close objects. A solution for this kind
of problems is the overlap removal (OR) optimized using simulation. In the analysis the
following overlap removal is used based on an acceptance to real leptons, maximizing the
signal acceptance and rejection of dileptonic events, detailed below [87]:

e Electron/Muon OR: If a muon overlaps with any electron within AR <0.01[7 the
electron is removed and the muon is kept, unless the muon is calo-tagged, in which
case the electron is kept and the muon is removed.

e Electron/Jet OR: When a baseline electron and a baseline jet are found within
AR(e, jet) <0.2, and the jet is not b—tagged, the object is reconstructed as an
electron and the overlapped jet is removed. If the jet is b— tagged then the b—jet
is kept and the electron is removed.

e Muon/Jet OR: If a baseline muon can be ghost matched [I28[] to a baseline jet
within AR(u, jet) <0.4 and the jet is also not b—tagged, the object is reconstructed
as a muon if:

— The jet has less than 3 tracks or
— The ratio of the pr of the muon and the jet is greater than 0.7 (p?""”/pgft >0.7).

e Jet/Lepton OR: If a jet satisfying the previous steps gets to overlap with an electron

or muon (/) in a cone with radius R = 0.04 + 7%, up to a maximum radius of
T

0.4, then the lepton is removed.

e Electron/Tau OR: When an electron satisfies the previous steps and overlaps with
a tau candidate in a cone radius of AR(e,7) <0.1, then the tau is removed.

e Photons are not used in the nominal analysis but used to cross-check in the tt-+~
region:

— Electron/Photon OR: When an electron that satisfies all the previous steps
overlaps with a photon within a cone of radius AR(v,e) <0.1, the photon is
removed.

— Photon/Jet OR: Jets that overlaps with photons in a cone with radius AR(v, jet)
<0.2 are removed. In the rest of the regions photons are not considered and
the overlapping of photons/jets are treated as simply jets.

As a reminder all baseline and signal objects are those who have passed the OR
procedure.

4Rapidity (y = %ln(gfz 2)) is used instead of the pseudorapidity (n) when computing AR in the
overlap removal procedure.
Referred as an infinitely soft particle (“a ghost”) with certain rapidity and azimuthal angle added in

the jet-finding.
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Chapter 5

Discriminating Variables and
Preselections for the 3- and 4-Body
Stop 1L Analysis

This chapter describes the analysis strategies and methods used in the searches for the
supersymmetric top partner at y/s=13 TeV. This thesis studies the 3-body decay channel
and introduces preliminary studies for the 4-body decay. We are looking specifically into
final states with only one isolated electron or muon, jets and a big amount of missing
transverse energy. The kinematic variables described in this section are used to define a
preselection for the 3- and 4-body decay channels.

5.1 Strategy

The analysis described in this thesis considers a simplified model of the stop decay scenario
as described in section 2.3. The searches are performed where the final state particles of
a signal event require one electron or muon, one neutrino originating from the decay of
an on- or off-shell W boson, two b quarks (reconstructed as b jets), two light-flavor quarks
and two LSPs. The LSPs are not interacting with the detector material and cause large
Emiss together with the neutrino. Therefore, the event selection in the analysis requires
exactly one isolated electron or muon, large E7*** and at least one b-jet.

The analysis focuses on the pure bino spectra of the mass of the lightest stop quark #;
and the neutralino x?. In this phase space the 3-body decay channel occurs in a pure bino
LSP decay where the mass difference of the stop quark and the lightest neutralino Am=
mi, — myo is less than the mass of the top quark. The 4-body decay channel happens
when Am is less than the mass of the W boson.

The dominant backgrounds originate from 2L and the other sub-backgrounds are
tt1L, single top Wt production, where both W bosons decay leptonically and one of the
charged leptons is not identified, as well the W+jets production. These dominant back-
grounds are normalized in dedicated control regions and extrapolated to the signal regions
to estimate the expected number of background events in the signal region. The extrap-
olation relies on transfer factors (TFs) obtained from the simulation and are explained in
chapter 6.
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5.2 Baseline Selections

The selection of the objects that have passed the OR procedure are [89]:

e Trigger. The trigger is selected for a suited final state in the investigation, as

in ours, events with large EI'*® are required, the dataset used in the analysis is
recorded using unprescaled EfF** triggerd] so called xe triggers [87]. The HLT
online EM* is constructed using a baseline algorithm with the HLT trigger firing
a threshold of 110 GeV. The associated L1 trigger threshold is at 50 GeV. Events
are selected based on an applied selection of exactly 1 lepton, at least 4 (or 2) jets
and at least one b-tag jet. To reduce the multijet contamination further cuts are
applied: my >30 GeV and A¢(pss jety) >0.4 with i = 1,2.

The trigger efﬁciencyﬂ is above 98% for EM*$ >230 GeV, which is the minimum in
the different regions of the analysis that uses the xe-trigger [87].

Electron. Electrons are required to have Ep >5 GeV and |nuster| <2.47 [89).

Muon. Muon candidates are required to pass pr >4 GeV and |n| < 2.7 acceptance
cuts.

Jets. At baseline level jets are required to have a pr >20 GeV, and are used in
the OR procedure.

— b-tag. Are required to pass pr >20 GeV and n < 2.5.

E7ss. The missing transverse momentum is calculated using the default ATLAS
tools, namely the METUtilities tool [87]. All baseline electrons, muons, and jets
before overlap removal are input to the tool, while no photons or (hadronic) tau
objects are provide.

5.3 Discriminating Variables

The variables described are primordially used to separate signal events from the SM back-
ground events in the signal, control and validation regions explained in the chapter 6.

e my e Requiring one isolated lepton (1), several jets and a big amount of missing

transverse energy (FE7**%) selects samples enriched with semileptonic ¢t events and
W +jets events. Both backgrounds can be reduced by implementing a transverse
mass (mr) to be above the mass of the W boson mass and defining mr as:

mr = /2 ph - B (1 = cosAp(l, 7)) (5.1)

where the lepton pr is p} and A(ﬁ(f, Priss) is the azimuthal angle between the lepton
and the pi*** making the assumption that the lepton mass is negligible. After
this requirement the dominant background is dileptonic ¢¢ with one miss-identified
lepton. The tt products include high ms values and two or more hight py neutrinos

resulting in a big amount of E7s.

IHLT_ xe110_ mht _ L1XE50

2

€ =

Npassed

N, “ with N the number of events.
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e amypo @ Decays through the three-body channel are possible if Am is smaller than
the mass of the top quark, as mentioned in section 2. The signature is described
by the shape of the bIV system, where one of the main discriminative variables is
a variant of the stransverse mass (mgs) [129] variable referred as asymmetric mpo
(amps). This variable is a generalization of the transverse mass applied to signa-
tures where two particles are not detected directly. In Figure 5.2 an illustration of
the tt topology is presented targeted by the ampo variable.

The myo variable measures masses of particles produced at the hadron colliders,
where the longitudinal momentum of the hard scattering process is unmeasured.
It may be used when particles are pair produced, with each decaying to one par-
ticle that is directly observed and one particle that is not directly observed. It is
analogous to the mqy only that it helps to measure a pair particle production and
calculate a massive unseen particle. It helps us to describe decay topologies with two
branches, a and b (see Fig. 5.1). In both branches there are particles with fully mea-
sured momenta and some other particles with their momenta not measured directly.
The sum of the four vectors of the measured momenta in a branch ¢ are defined as
pi = (Ei,pr,,p-,) and the sum of the four vectors of the unmeasured momenta are
denoted instead of the letter p by the letter ¢ in the same way ¢; = (Ei, ¢r;, qz,). As
usual we have m? = E? — p; and m? = E} — ¢} respectively. In general the my, of
the particles in branch i can be given by []9]

2
md, = (\Joh +m2 /@, +m2) — (r + ) (5.2)

mro is defined as a minimization of the allocation of pJ*** between ¢r, and ¢r, of
the maximum of my, or my,:

mr, =  min__ {max(mg,, mz,)} (5.3)
e

The undetected particle is the W boson for the branch of the lost lepton and the
other missed particle is the neutrino associated to the measured charged lepton
branch as in Figure 5.2 ( Branch a) ). The dotted circles suggests the misidentified
particles for each branch. For the ¢t events with a lost lepton, the am, variable is a
powerful discriminant between signal and background in a more compressed region
of the phase space as it is for the 3-body decay region. Taking into account some
important points:

— Measured Particles: In branch a) and b), both b—jets are identified based on
the highest b—tagging weights.

— Unmeasured Particles: For branch a) it is a W boson decaying leptonically
with the unidentified lepton as such. Of branch b) the unmeasured particle is
the neutrino associated to the charged identified lepton.

— Input Masses: In equations 5.1 and 5.2, the input masses would be m,, =
mw = 80GeV and m,, = m, = 0GeV

This variable is a main discriminant in the 3-body decay due to the mass difference

of the stop quark and the neutralino is below the top quark mass for signal. Con-
sequently this amypo variable is bounded from above by the mass of the top quark
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meaning that amg, signal peaks at low values (=90 GeV), while dileptonic ¢t decays
typically have a peak at values nearer the top quark mass.

Branch a) o o

Branch b} o o

Figure 5.1 Illustration of the construction of the amyy variable. It is used to discriminate
against dileptonic backgrounds with one lost lepton and to describe an asymmetric decay.
The dashed line indicates the misidentified particles. In branch a) the not reconstructed
particle is a charged lepton with its associated neutrino, while in branch b) the missed
particle is the neutrino associated to the identified lepton.

e m., e It is another variant of my, used to suppress dileptonic ¢t events where one of
the two leptons is a tau that decays hadronically 77,,4. In this asymmetrical topology,
a ‘T—jet’ is proposed for the visible particle in one branch and the measured lepton
for the other branch.

— Measured Particles: In branch a) shown in Figure 5.3, the TE| candidate is
measured and for branch b) it is the identified lepton.

— Unmeasured Particles: As the dashed lines show in Figure 5.3, for branch a)
are two neutrinos, one associated to the 7 production from the W boson decay,
and other to the 7 hadronically decay. In branch b) the unmeasured particle
is the neutrino associated to the identified lepton, comming from the W boson
decay.

— Input masses: Using equation 5.1 and 5.2, the input masses would be mg, =0
GeV and mg,=m,=0 GeV

With this variable an effective hadronic 7 veto can be developed in two cases:

1. If an event does not have a reconstructed 7 that passes the loose likelihood
identification, the event is not vetoed.

2. The event is vetoed if the 7 candidate results in an m7, <100 GeV. The m7,
is contructed from the signal lepton and the recontructed 7 as the visible particles
with test masses zero [89].

This variable is used in the 3-body decay region.

31dentified as described in section 4.2.6
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Branch a)

Branch b) o o

Figure 5.2 Illustration of the discriminating variable mZ., used to discriminate against
hadronically decay tau. The dashed lines indicates the particles that are lost or uniden-
tified in both branches of an asymmetric decay [87].

e topness o It is a variable used in a control region explained in section 6.2.4 separating
single top events for the 3-body decay. Asthe dominant backgrounds to semileptonic
stop searches are dileptonic ¢t where one lepton is either too soft or too forward to
be identified [130]. Dileptonic top events are reconstructible when both leptons
are identified, but when one lepton is lost, this is no longer true and the missing
particle is taken as an assumption (as in the amgs). So the condition is that the
reconstructed center of mass energy of the event is minimized. A function S is
constructed which is a a type of a y?-function, and it quantifies how well an event
can be described and reconstructed subject to the dileptonic ¢ hypothesis in the
form of:

(miy —piy)? | (M7 — (P + pi+pu)?)?
S(pW,:BupW,yapVV,Z7pl/,Z) = Wa%/v L + t a? (54)

_i_(m%—(ijjPW)Q)Q + (4m%*a(42¢10i)2)2

t CM
This variable is designed to suppress partially reconstructed ¢t events. The first
three arguments of S are the components of the non-reconstructed W boson 3-
momentum pyw,z, Pw,y, Pw,.- Lhe W is assumed to decay leptonically, but the lepton
is not identified and is only noticeable as missing transverse momentum. p, , is
the longitudinal momentum of the neutrino from the other W boson decay where
the charged lepton was successfully identified. The denominators a; determine the
relative weighting of the mass shell conditions (p2 = 0, p, = m¥,). As suggested by
the authors in [I30], the values to take are ayy =5 GeV, a;=15 GeV and acp=1 TeV,
and they should not be smaller than typical resolutions. The inputs to S are two
jets, a lepton and pi*s*. To find the best possible reconstruction, the sum runs over
both of the possible pairing of jets with a reconstructed W boson and keep the one
that minimizes S. Also both b—jets are taken into account, if only one b—tagged jet
is present it is used together with the leading or sub-leading jet. So at last, topness
is defined as:

t = In(minsS) (5.5)

The minimization is limited such that the observed transverse momentum is asso-
ciated to the unobserved W boson (decaying into a not-reconstructed lepton and a
neutrino) and a neutrino from the second top decay branch.
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o Ag¢(jet;, piss) e This variable is the azimuthal opening angle between the jet 7 and
Prss used to suppress multijet events where the p*** is aligned with a jet. Multijet
events can pass the event selection if a jet is misidentified as a lepton or if a real
lepton from a hevay flavour decay satisfies the isolation criteria, and large E* can
occur due to these missed-jets. This variable is used in both channels, the 3- and 4-

body.

o Ap(pss 1) e The azimuthal opening angle between the direction of pi*** and a
electron or muon [. In SM processes, tt semileptonic correlates the azimuthal di-
rection of the missing transverse momentum in processes generated by the neutrino
with the azimuthal angle of the charged lepton. Is used in the three body stop
decay, where the neutralinos also contributes to the missing transverse momentum,
semileptonic ¢t processes are distributed arbitrarily. Nevertheless the separation in
dileptonic ¢t SM processes is weaker but more alike to the SUSY event studied in the
analysis, due to the second neutrino, the azimuthal angles of the [ and the neutrino
are no longer correlated.

e AR(by,by) e Denotes the opening angle in 1 — ¢ space between the first two highest-
pr jets that are b—tagged. This variable is only used when a two or more b—tag jets
are required, in particular for enriching single top events explained in section 6.2.4.

e Hadronic Top Reconstruction e It is a tool used to supress backgrounds like the
dileptonic tf decay not containing a hadronically decaying top quark. To realize
the hadronic top recontruction, an algorithm based on the anti-k; clustering is used
requiring a small radius of the jets. First all small radius jets are clustered using
the anti-k; algorithm with a large radius parameter Ry=3.0 corresponding to a top
quark pr of 120 GeV. Afterwards the very large radius jets are shrunk until its
radius matches their pp using R; = 2 x m/py taking as m=175 GeV the parameter
of the top mass. At last the optimal radius is compared with the actual radius of
the candidate, and the candidate can be taken, reclustered again or rejected. There
are two parameters to compare the range around the optimal radius that is consid-
ered acceptable with R,;,=0.3 and Rjo,,=0.5 (refering as up-higher and down-lower
values of the clustered candidate radius) [89]. The reconstruction of the hadronic
top decay is used in this thesis for the 4-body preselection, and it is useful because
is inefficient at low values of the top quark pr.

o Ag(pipriss, b— jet) o Is the azimuthal angle between the missing transverse momen-
tum and the b—tagged jet with the largest momenta. This is a discriminating vari-
able used in the 4-boday decay analysis. It is very effective in suppressing W-+jets
background due to the emission angle of the b—jets from gluon splitting which aren’t
correlated to other decay products. After applying this variable, the background is
left mainly with ¢f processes.

o pL./ERs e Is the ratio of the lepton pr and the missing transverse energy. This
variable is used in the 4-body decay channel, which requires a very low pr lepton,
and with this variable the sensitivity is improved as shown in chapter 7.

Figure 5.3 shows the comparison between data and MC simulations for the variables
after applying the preselectrion criteria for the 3-body decay described in Table 5.1 except
the one displayed in the distribution. The comparison shows that the discriminating
variables are reasonably modeled in the simulation. Figure 5.4 shows the other kinematic
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variables distributions described in this section for the 3-body decay, after the preselection
in Table 5.1.
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Figure 5.3 Comparison of data with the estimated backgrounds after the applied prese-
lection from table 5.1, except the variable displayed in the distribution.
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Figure 5.4 Comparison of data with the estimated backgrounds after the applied prese-
lection from table 5.1 of the kinematic variables for the 3-body decay.
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Selection

Comments

Xe triggers
jet cleaning
exactly one signal lepton
>4 signal jets
jet1,2.34 pT > 25GeV
number of leptons, tightness
Lepton pp
ET*% > 230 GeV
m > 30 GeV
|AP(51,2, P %) >0.4
m’, based T-veto (ml, >80 GeV)

veto events that fail the loose jet criteria

no additional baseline leptons

= 1 ”loose lepton”
>25 GeV

control of QCD /multijets

control of QCD /multijet background
remove events with hadronic 7 events

Table 5.1 Common preselection for the three-body decay analysis [87].

Selection Comments
Xe triggers
jet cleaning
exactly one signal soft lepton
>2 signal jets
jet12 pr > 25GeV
>1 b—jet
Ees > 230 GeV
[Ag1,2, P "% >0.4
No reclustered jet candidates or
mass of hadronic top

veto events that fails the loose jet criteria
pr > 4(5)GeV for mu(el), no additional baseline leptons.

control of QCD/multijet background

< 150 GeV

(To satisfy a veto in reclustered

reclustered )
top .

hadronic top quarks m

Table 5.2 Common preselection for the four-body decay analysis [87].

5.3 Event Preselections

There is a common preselection for all the stop main decay scenarios used for the sig-
nal regions using the EF** trigger mentioned in section 5.2, because only events with
Eriss >230 GeV are selected. This preselection is useful in order to check the kine-
matic distributions considered in the analysis. Here two preselections are used. For the
three-body analysis the preselection shown in Table 5.1 is used.

The four-body preselection has some other requirements including: a very soft elec-
tron(muon) pr >5(4)GeV, the first jet needs not to be b—tagged, a veto in reclustered
hadronic top quarks events for events where no reclustered jet candidates are found or
the mass of the hadronic top < 150 GeV (less than the mass of the top quark). In table
5.2 the preselection of the 4-body decay is presented. In Figure 5.5 the n-1 plots after the
4-body preselection is showed and in Figure 5.6 the other kinematic variables distribution.
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Figure 5.5 Comparison of data with the estimated backgrounds after the applied preselec-
tion from table 5.2 for the 4-body region, except the variable displayed in the distribution.
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Figure 5.6 Comparison of data with the estimated backgrounds after the applied prese-
lection from table 5.2 of the kinematic variables for the 4-body decay.
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Chapter 6

Signal and Background Estimation
for the 3-body Analysis

Using the signal region (SR) definition explained in section 6.1, the SM backgrounds can
be reduced to an acceptable level. SM processes which have the same signatures as the
expected SUSY signal remain. It is important to have a good understanding of these
processes to know their contribution in the SR. To estimate background processes con-
taminating the SR, control regions (CR) are defined. The CRs are designed to have high
purity for one type of SM background. They are defined by a set of selection criteria
similar to those defining the signal region but with some criteria altered to retain a suf-
ficiently large number of background events and reject most events from the signal and
other background processes. Kinematically the CRs should be as close as possible to the
SR to have a small extrapolation from CR to the SR.

The prediction obtained from the CR is then verified by comparing it to the observed
data in dedicated validation regions (VR), which are typically defined between the SR
and the CR. The VRs are used to validate the prediction obtained from the CRs. All the
SR, CRs and VRs are required to be orthogonal to each other.

6.1 Signal Region

A signal region (SR) is a region of the phase space defined by the selection criteria on the
kinematic variables [I32]. The signal region optimization is based on simulation and uses
the expected number of signal and background events in the SR to construct a figure of
merit. Cuts on the kinematic variables are optimized to suppress most of the background,
while increasing the proportional fraction of the signal. A single-binned signal region cor-
responds to a simple cut-and-count analysis in which the number of events in the signal
region is counted.

In the analysis, SUSY samples with the masses of m(t1, ¥}) = (350,200), (350,230) and
(350,260) GeV are considered

The signal region called bWN and is defined in table 6.1. The event yields are shown
in Figure 6.1 (left) for 36.1 fb~!. Figure 6.1 (right) shows in a pie chart the breakdown of
the individual SM contributions to the signal region. It is clear that the predominant SM
background is the dileptonic tf, with a fraction of t2L and t{1L17, contributing with a
~80% of the total background. It is important to calculate the contribution of the signal in
the defined region. The mass point with the more event yields is taken for the calculation.
In this case is the mass point m(f;, ¥!)=(350,200) GeV. The signal contamination is given
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bWN

Variable cut
Leading jet pr > 50 GeV
jets 2.3,4 pr > 25 GeV
Emiss >300 GeV
mr > 130 GeV
amrs < 110 GeV

number of b— jets >1

Ap(pipriss, 1) <25

Signal Contribution ~ 92%

Table 6.1 Event selection defining the bWN signal region. The common preselection
defined in Table 6.1 is used [89]. The last row indicates the signal contribution in the
bWN region, defined by the percentage of the number of signal events divided by the
number of background events.

by the ratio of the total number of events in the signal yield over the total number of
events in the background as: N;/N,. The values are taken from Figure 6.1 left, and the
result expressed in Table 6.1 last row. The signal contamination will be calculated in the
same way for all the regions, with this same mass point.

None el mu total

tt 2L 1142 £ 0.80 14.43 +1.21 25.84 £ 1.45
tt 1L17 17.23 + 3.86 17.07 + 1.57 34.29 + 4.16
tt 1L 1.94 +£ 053 0.73+0.13 2.67 & 0.55
W+jets 0.52 £0.16 0.90 + 0.25 1.42 + 0.30
Single top 0.60 £ 0.12 1.16 4+ 0.26 1.76 4+ 0.28
Diboson 0.65 £+ 0.20 0.62 £ 0.19 1.28 + 0.27
Z+jets 0.05 £0.04 0.00 £0.00 0.05 & 0.04
tH+V 0.64 + 0.22 1.06 + 0.72 1.70 £ 0.75
Total SM 31.04 £ 3.99 3497 &+ 2.15 66.01 £ 4.53

B tTILIT (47.2%)
ATLAS Work in progress T3 tt2L (41.2%)
ls=13TeV, 36.1 b

[ Single top (3.0%)
B tE+V (3.0%)

e ttll (2.3%)

—— W+jets (2.0%)
m=m Diboson (1.2%)

stop bWN_350_200 25.06 £ 2.73 35.65 & 5.62 60.71 £ 8.75

Figure 6.1 (left) Expected events in the bWN region, divided in electron (el), muon
(mu) for 36.1 fb~!. Only statistical uncertainty of MC samples are presented. stop_ bWN
350 _ 200 stands for the mass point m(1, ¥3) = (350,200). (right) Breakdown of the
individual SM contributions to the signal region [87].

6.2 Control Regions

After the selection of the signal region in the previous section, it is clear that the back-
ground that dominates is dileptonic ¢, with either two (e/u) charged leptons with one of
them lost or miss-identified (2L), or one e or p and one 7 lepton (1L17). Therefore the
current analysis decided to define only one CR, called the TCR, targeting only dileptonic

56



CHAPTER 6. SIGNAL AND BACKGROUND ESTIMATION FOR THE 3-BODY
ANALYSIS

Variable bWN TCR
Leading jet pr > 50 GeV > 50 GeV
jets 2,34 pr > 25 GeV > 25 GeV
Eiss >300 GeV > 230 GeV
mr > 130 GeV > 130 GeV
amrs < 110 GeV | €[130,170] GeV
number of b— jets >1 >1
Ap(pFiss 1) <25 >2.5
Signal Contamination ~ 11%

Table 6.2 Events selections defining bWN with the associated dileptonic ¢t control region
(TCR). The event preselection (see Table 5.1) was applied in both cases [89].The last row
indicates the signal contamination in the TCR region, defined by the percentage of the
number of signal events from the mass point m(;, ¥})=(350,200) divided by the number
of background events.

tt background.

In this thesis it will be shown that by implementing dedicated CRs for the other
sub-leading backgrounds (¢¢ 1L, W+jets and Single Top) an improvement in analysis is
achieved.

6.2.1 Dileptonic CR

Dileptonic tt is the dominant background after the SR selection. The SM production is
shown in the Feynman diagram of Figure 6.2, where in a top-antitop quark production,
both W bosons decay leptonically. The dileptonic control region denoted as TCR is
described in table 6.2 compared with the selection of the signal region bWN. The signal
contamination in TCR is given in the last row and calculated for the mass point m(#;, ¥?)
= (350,200). amgs selection is close to my,, because the ¢t events saturate around this
value, so it is restricted to [130< amze <170 GeV]. The EF** is loosened to gain statistics.
After applying the my >130 GeV selection, the Ag(pi*** 1) distribution tends to have
lower background as shown in Figure 6.3, so this variable cut is shifted for the TCR.

Figure 6.2 Feynman diagram showing the dileptonic ¢t decay channel [127].

In order to ensure a good modeling of the entire A¢(E** 1) distribution, this vari-
able was verified in a slightly different control region defined as TCR2, showing the entire
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ATLAS Work in progress == 1Lt (49.2%)

C1tf2L (38.3%

{s=13TeV, 36.1fb"
—=1 Single t 51%
NG SR>

=i,
+jets (1.8Y
== Dibbson (1.1%)

== Z+jets (0.3%)

None el mu total

i oL 71.62 £ 935 7079 £ 8.12 14241 & 12.38 =t
tf 1L17 8253 + 6.70  100.69 + 20.28 183.22 + 21.36
1L 6.46 + 3.64 1.32 + 0.57 7.78 + 3.68
Wt jets 277 + 1.36 3.93 + 1.51 6.70 + 2.03
Single top 9.27 + 6.57 8.06 + 3.29 17.33 + 7.35
Diboson 3.02 + 1.00 1.22 + 035 1925+ 1.15
Z-+iets 0.91 + 0.37 0.06 + 0.04 0.97 + 0.37
HAV 451 + 0.67 487 + 0.90 938 + 1.13
Total SM 181.10 + 13.86  190.95 + 22.17  372.05 + 26.15
stop bWN 350200 13.23 + 3.27  21.99 + 6.93  35.21 + 7.66

Events / 0.2

Figure 6.3 The yields table of the TCR. selection criteria for 36.1fb=!. Only the statis-
tical uncertainty of the MC is given (left). Pie chart of the individual SM contributions

(right).[87]

A@(E**s 1) plane as shown in Figure 6.4 (left). In the TCR2 phase space selection the cut
on A¢(ER5* 1) is omitted and an extra cut on the leading b—jet pr >120 GeV is required,
shown in Table 6.3. The signal contamination for the mass point m(#;, ¥3)=(350,200) is
calculated and given in the last row of Table 6.3. As the two sub-backgrounds of the dilep-
tonic ¢t (2L and 1L17) are determined together, their kinematical characteristics needed
to be checked. The shape plot of A¢(ER** 1) is shown in Figure 6.4 (right), demonstrat-
ing that in fact, both sub-backgrounds are very similar in kinematic shape and can be
defined as one single background.

Figure 6.5 shows the kinematic distributions of the variables used in the selection,
the cut on the dedicated quantity is omittedﬂ A reasonable agreement between data
and simulation is found. The statistical uncertainties are shown as the grey lines in the
distribution, and as the grey solid parts in the ratio plots.

g 0'25_' LA B LB S B R L B B R AR | L '_r T T ]
. =~ C i tt 2L ]
EATLAS' Work inl progress Vs = 13 TeV, 364 fo | 2 ~ATLAS Work in progress I STYR
90E + Data X Total SM 2 o2l p ]
goF-ati2L mtiLt rVs=13 TeV, |Ldt=36.11b E
- mtt 1L [W+ijets F .
70E-Single top [ Diboson 0.15— 5 —
E i+ C 7
6OF" c I_:
50F 0.1 ]
40F 0.05[— — T =
30F u : .
20:_ ol ._._JT‘ il 1 ! L 1]
- - E HE
F o T NS TR SRR SR SRR SR S 3
1g§ __ g 1 ;,__ ,,,,,,,, L e TRVIRa e el o -
0 25 0F
0 05 1 15 2 25

Ao(lep, ET'*%)

Figure 6.4 (Left) The entire A¢( £ 1) distribution defined in the TCR2 (left) showing
a good agreement of data and MC. (Right) A shape comparison between the two sub-
background (2L and 1L17) of dileptonic ¢ background showing a similarity in shape
kinematics.

!This omission in the cut of the plotted quantity is usually referred as n-1 plots.
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Variable TCR TCR2
Leading jet pr > 50 GeV > 50 GeV
jets 2,3,4 pr > 25 GeV > 25 GeV
Eiiss >230 GeV > 230 GeV
mr > 130 GeV > 130 GeV
amqs €[130,170] GeV | €[130,170] GeV
number of b— jets >1 >1
Ap(piss 1) > 2.5 —
b—jet pr — >120GeV
Signal Contamination ~ 4%

Table 6.3 Events selections defining TCR2 compared with TCR. The event preselection
was applied in both cases [89].The last row indicates the signal contamination in the

TCR2 region.

Variable bWN TCRIL
Leading jet pr > 50 GeV > 50 GeV
jets 2,3,4 pr > 25 GeV > 25 GeV
Eiss >300 GeV > 230 GeV
my > 130 GeV | €[60,90] GeV
amps < 110 GeV | €[130,170] GeV
number of b— jets >1 >1
Ap(phrss 1) < 2.5 —
b—jet pr — >120 GeV
Signal Contamination ~ 0.4%

Table 6.4 Events selections defining the TCR1L control region and comparing it with
the signal region bWN. The event preselection was applied in both cases. The signal
contamination in the TCRI1L is mentioned.

6.2.2 Semileptonic CR

The semileptonic ¢t background is one of the sub-leading backgrounds for the 3-body
decay. The schematic example of the ¢t semileptonic decay is shown in Feynman diagram
Figure 6.6, where one of the W bosons coming from the top pair production, decays
leptonically and the other hadronically. One of the main variables to define different CRs
is the my variable. From Figure 5.3 where the distributions after the 3-body preselection
were presented, we can appreciate that the backgrounds drop sharply after the mass
of the W boson. The signal events can exceed this kinematic endpoint due to the two
additional LSPs in the event. By modifying the my selection to be a window whose upper
edge is near the W boson mass, we can define the different CRs. For the ¢t semileptonic
CR (TCRIL) my is selected as 60< mz <90 GeV. A requirement on the leading b—jet
pr >120 GeV is required, because in the semileptonic tt events the b—jet comes from an
on-shell top quark. The selection is shown in Table 6.4 comparing it to the signal region
bWN.

The pie chart showing the different contributions of the SM backgrounds is shown in
Figure 6.7 (right). The contribution of ¢t 1L events is above 80 % in this selection (left).
The kinematic distribution of the variables as n-1 plots is shown in Figure 6.8 for the
TCRI1L selection. A reasonable agreement between data and simulation is also found.
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Figure 6.5 Comparison of data and simulation for the dileptonic t¢ CR (TCR) before

applying the normalization of the simultaneous fit in the n-1 plots.

Only statistical

uncertainties are displayed. The last bin includes the overflow.
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Figure 6.6 Feynman diagram of

the ¢t semileptonic decay [127].

mm tT 1L (83.6%)
m=Single top(7.7%
CIW+jets (4.8%)
o tt2l (1.6%)

B tELL1T (1.5%)
I ttV (0.6%)

ATLAS Work in progress
{s=13TeV, 36.1 "

None el mu total mm Diboson (0.3%)
tt 2L 13.61 £ 2.52 10.73 £+ 0.95 24.34 + 2.69

tt 1L17 16.30 + 1.54 14.86 + 1.74 31.16 + 2.33

tt 1L 861.38 £+ 22.59  894.82 + 27.84  1756.21 + 35.85

W+jets 70.32 £ 12.14 50.75 £+ 5.20 121.07 £ 13.20

Single top  75.53 + 22.64 92.28 4+ 18.65 167.81 + 29.33

Diboson 5.33 £ 3.07 3.23 £+ 0.63 8.56 &+ 3.13

Z+jets 0.05 £ 0.03 0.45 £ 0.18 0.50 = 0.18

tH+V 7.31 £ 0.85 6.43 £+ 1.30 13.74 £ 1.55

Total SM 1049.83 + 34.48 1073.54 £ 34.00 2123.37 & 48.42

Figure 6.7 (Right) Number of events expected in TCRIL for 36.1 fb~!. Only statistical
uncertainty of the MC sample given. (Left) Breakdown of the individual SM contributions

to the TCRI1L region.
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Figure 6.8 Comparison of data and simulation for the semileptonic ¢ CR (TCRI1L)
before applying the normalization of the simultaneous fit as n-1 plots. Only statistical
uncertainties are displayed. The last bin includes the overflow.
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Variable bWN WCR
Leading jet pr > 50 GeV > 50 GeV
jets 2,34 pr > 25 GeV > 25 GeV
Eiss >300 GeV > 230 GeV
mr > 130 GeV | €][30,90] GeV
amrs < 110 GeV | €[130,170] GeV
number of b— jets >1 =0
Ap(pFiss 1) <25 —
b—jet pr — —
Signal Contamination ~ 0.16%

Table 6.5 Events selections the WCR control region compared with the bWN signal
region. The event preselection was applied in both cases. The signal contamination in
the WCR is shown in the las row.

6.2.3 W+jets

Another sub-leading background is the production of W+jets as sketched in Figure 6.9.
The dedicated W+jets control region (WCR) requires a b—jet veto that enriches the
W +jets production as we can appreciate in the Feynman diagram, as relaxing the my cut
too. The b—jet veto suppresses tt events and results in a W+jets purity of about 80% as
shown in Figure 6.10 (left). In the WCR the b—tag veto predominantly select light-flavor
W +jets events.

q
aq g

q

g9

)
q V74 v

Figure 6.9 Feynman diagram of the W+ jets decay channel with a b—jet veto
required [133].

The WCR selection criteria are described in Table 6.5 in comparison with the bWN]
and the n-1 plots distributions of the selected variables in Figure 6.11 are presented. The
shape in the n-1 plots is reasonably well described, but a normalization factor is scaling
the data points only up to the W+jets events.

6.2.4 Single Top CR

The last of our studied sub-backgrounds is the single top CR (STCR) in the Wt channel as
shown in the Feynman diagram of Figure 6.12. This process can evade kinematic bounds
from selections targeting the suppression of tf. Nonetheless, isolating a pure sample of
Wt events kinematically close to the SR is challenging due to the similarity of Wt and ¢t.
The Wt events that pass event selections similar to those for the SR often have a second
b—jet within the acceptance.
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Figure 6.10 Number of events expected in WCR for 36.1 fb~!. Only statistical uncer-
tainty of the MC sample given (left). Breakdown of the individual SM contributions to

the WCR region (right).
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Figure 6.11 Comparison of data and simulation for the W+jets CR, (WCR) before ap-
plying the normalization of the simultaneous fit represented in n-1 plots. Only statistical
uncertainties are displayed. The last bin includes the overflow.
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Figure 6.11 Comparison of data and simulation for the W+jets CR (WCR) before ap-
plying the normalization of the simultaneous fit represented in n-1 plots. Only statistical
uncertainties are displayed. The last bin includes the overflow.
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The amq, variable is useful for discriminating between tf and Wt because the mass
of the Wb system not from the resonant top quark is typically higher than from an on-
shell top quark in the phase space selected by this analysis. Therefore, the STCR is
characterized by amps >200 GeV. Furthermore, to increase the purity of Wt and reduce
the W+jets contamination, events are required to have two b—tagged jets. Top quark
pair events can exceed the amqpo kinematic bound when one of the two b—tags used in
the ampy calculation is a jet produced from a charm quark from the W decay [89][131].
When this jet is from the same top quark as the other b—tagged jet, the AR(by, by) be-
tween them tends to be smaller than for Wt events. They have two b—jets from b—quarks
that are naturally well separated. Therefore, to further increase the Wt purity, events in
the STCR are required to have AR(by,bs) >1.5. with by, by the highest pr b—tag jets.

Another new variable introduced, in order to get a single top purity of ~60% as shown
in Figure 6.13 right, is topness as explained in more detail section 5.3. This variable sup-
presses partially reconstructed tt events [130]. At values >10 in topness, the distribution
and shape of this variable gain more single top events, rejecting tf as appreciated in Figure
6.14, showing a separation between the ¢t backgrounds. The selection is listed in Table
6.6 and the contribution of the SM background in Figure 6.13. The kinematic distribu-
tions of the variables used in the selection are shown in Figure 6.14 as n-1 plots. Further
studies are needed to understand the apparent slope that the data forms in th ms and
amrse variables, and check if they are within systematics. In general we have less MC
events for this region, but the kinematic variables still show a considerable well modeled
distribution.

b W~

Figure 6.12 Feynman diagram representing the single top production via the Wt chanel
[134].
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Variable bWN STCR
Leading jet pr > 50 GeV > 50 GeV
jets 2,3,4 pr > 25 GeV > 25 GeV
Eqiss >300 GeV | > 230 GeV
mr > 130 GeV | €[30,90] GeV
ammpo < 110 GeV > 200 GeV
number of b— jets >1 =2
Ap(phrss 1) < 2.5 —
b—jet pr — > 160 GeV
topness > 10
AR(by, b) — > 1.5
Signal Contamination ~ 0.16%

Table 6.6 Event selection in the STCR control region compared to the bWN signal

region. The event preselection was applied in both cases. The signal contamination in
the STCR is mentioned.

ATLAS Work in progress

Vs=13TeV, 361 b’

None el mu total

tt 2L 0.77 £ 0.18 0.89 + 0.23 1.66 4+ 0.30

tt 1L17 1.06 £+ 0.16 2.41 £+ 0.67 3.47 £ 0.69

tt 1L 47.59 + 4.65 28.65 £ 6.77 76.24 + 8.21
W +jets 53.80 *+ 6.08 58.79 £ 4.75 112.59 £ 7.71
Single top  101.81 + 5.84 107.34 £ 13.65 209.14 + 14.85
Diboson 1.84 + 0.49 3.59 + 1.67 542 +1.74
Z-+jets 0.08 £ 0.03 0.21 £ 0.19 0.29 £ 0.20
t+V 2.92 + 0.54 1.77 £ 0.58 4.69 + 0.79
Total SM  209.86 + 9.66 203.63 £+ 16.07 413.50 + 18.75

1 Single top (63.2%
[ W+jets (17.6%)
B tT1L (16.5%)

[ tEILIT (1.0%)
= tt+V (0.8%)

= Diboson (0.5 %)

Figure 6.13 Number of events expected in STCR for 36.1 fb~!. Only statistical uncer-
tainty of the MC sample given (left). Breakdown of the individual SM contributions to
the STCR region (right).
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Figure 6.14 Comparison of data and simulation for the single top CR (STCR) before
applying the normalization of the simultaneous fit. Only statistical uncertainties are
displayed. The last bin includes the overflow.
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Figure 6.14 Comparison of data and simulation for the single top CR (STCR) before
applying the normalization of the simultaneous fit. Only statistical uncertainties are
displayed. The last bin includes the overflow.

6.3 Validation Regions

The background estimates are tested using validation regions (VR), which are disjoint
to both the control and signal regions. Background normalizations determined in the
control regions are extrapolated to the VRs and compared with the observed data. The
validation regions are used to provide a statistically independent test of the background
estimates made using the CRs.

The VRs are designed to be kinematically close to the associated SR to test the
background estimates in regions of phase space as similar as possible to the SR. For most
analyses the associated VRs are defined following a similar strategy as used for the CRs
but with a different amp o requirement, which leads to a set of events orthogonal to both
the associated CRs and the SR. The event selections for the t£2L, t£1L, W+jets and single
top VRs, TVR, TVRI1L, WVR and STVR respectively, are given in table 6.7 compared
with the SR. The SM contribution of the main background is shown for every VR and
the signal contamination is calculated. A diagram shown in Figure 6.15, indicate the
kinematic boundaries.

A histogram showing the total number of events per signal, control and validation
regions is presented in Figure 6.16, for the nominal predicted samples.

6.4 Systematic Uncertainties

An important point in the background estimation is to know how accurate the results are.
We can have statistical fluctuations as swell as ystematic uncertainties that can increase
the uncertainty in the result.

The systematic uncertainties are evaluated for all background and signal samples, using
MC simulations. Since the yields from the dominant background sources, tt, WW+jets and

single top, are obtained in dedicated control regions, the modeling of uncertainties for
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Variable bWN TVR TI1LVR WVR | STVR

Emiss [GeV] >300 > 300 > 300 > 300 > 300

mr [GeV] > 130 | >130 | [60,90] | [30,90] | [30,90]

amzs [GeV] < 110 | [110,130] | [110,130] | [110,130] | >200
number of b— jets >1 >1 >1 =0 =2
AG(riss. 1) <25| >25 - - -
Purity of leading bkg ~ 89% 75% 83% 52%

Signal contamination ~ % 1.7% 0.2% | 0.02%

Table 6.7 Events selections defining the bWN signal region with the associated validation
regions for dileptonic ¢¢, semileptonic tt, W+jets and single top (TVR, TILVR, WVR and
STVR respectively). The event preselection as in Table 5.1 was applied in all cases. The
percentage of the SM contribution for the leading background is given for each validation
region as the signal contamination.

e .os Mbtag =0
amT2 [GeV] . ::::i 2
200 T
170 afim
|
|
|
130 = |
d I
110 I
|
SR
|
F i ™ 2 [ ] J
1’ ] ] v ] 4
30 60 90 130 mT [GeV]

Figure 6.15. Schematic diagram for various event selections used to estimate and validate
the background model and then search for the stop production. It is represented in the
phase space of the two main discriminating variables: ms and ampo. Dashed lines indicate
events that are extended beyond the boundary. SR, CR and VR stands for signal region,
control region and validation region respectively. T, T1L, W, ST stands for t2L,tt1L,
W +jets and single top.
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Figure 6.16 Histogram showing in every bin the total number of events of the nom-
inal samples per defined regions: signal region (SR), dileptonic control region (TCR),
dileptonic validation region (TVR), semileptonic control region (TCRI1L), semileptonic
validation region (TVRIL), W+jets control region (WCR), W+jets validation region
(WVR), single top control region (STCR) and single top validation region (STVR).

these processes affect only the extrapolation from the CRs into the SR, but not the
overall normalization.

There are two types of systematic uncertainties: uncertainties due to theoretical pre-
dictions and modeling (theoretical uncertainties), and uncertainties stemming from ex-
perimental effect (experimental uncertainties).

6.4.1 Experimental Systematic Uncertainties

The main experimental uncertainties arise from the calibration of the jet energy (JES)
[135] and the measurement of the jet energy resolution (JER) [I36]. The total uncertainty
from the JER, and the jet mass scale and resolution on the large-R jets is obtained from
both data and MC simulations [I37]. The uncertainty from the b—tagging efficiency
is estimated by varying the efficiency correction factors for b and ¢ jets and the miss-
tag rate correction factors which are measured in t¢ and dijet events [I38][139]. The
other experimental uncertainties originate from the modeling of the average number of
interactions per bunch crossing, the modeling of the contribution to the EZ*** from energy
deposits which are not associated to reconstructed objects or arise from pileup effects,
the modeling of the trigger, identification efficiency, energy and momentum scale and
resolution, isolation and 7-veto, and the uncertainty on the integrated luminosity.

6.4.2 Theoretical Systemic Uncertainties

Since the yields for the dominant background sources, tt, W+jets and single top are ob-
tained in dedicated control regions, the modeling uncertainties for these processes affect
only the extrapolation from the CRs into the signal region but not the overall normaliza-
tion.
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They are given by the generator modeling, parton distribution function choice and
parton shower uncertainties. In the following the different theoretical systematic uncer-
tainties will be explained for each background.

6.4.2.1 Transfer Factor Method

Many observables are chosen, as described in 6.2 section, to separate between regions. To
extract accurate information from the data, a probability density function (PDF) is used
whose parameters are used in the fitting procedure. The fit performed to data is based
on statistically independent CRs and SR.

One of the key ingredients to the fit procedure are the ratios of the event counts,
called transfer factors (TF), of each normalized background between the SR and CRs. Tt
is defined as the ratio of the yields. As an example for the TCR region, we can compute
something like: TF = ysr/yrcr, ywer/Yrcr, Ysror/Yror, y denoting the total number
of yields in each region of the suffix. We calculate this for the nominal (T'F,,,) and the
systematic (T'F,y) samplef’] And the double ratio (u) gives us the desired systematics
uncertainties:

(TFsyst - TFnom)
— 6.1
! T Foom (61
Then they are all added in quadrature as ((TFsys1 — T From)/T From)? + (T Fsysi2 —

T Forom) /T From)? + ...

The great advantage of this method is that by choosing more kinematically similar
CRs to the SR, a greater cancellation in the systematic uncertainties is obtained in the
extrapolation, as seen in the ratio from equation 6.1 from MC estimates [132].

The statistical uncertainties (o) are calculated as usual:

orp = TF - \/(US_R)2 + (2GR Y2 (6.2)
Ysr Ycr

Where the y stands for the event yield of the region. So for the double ratio u they are
defined as:

. TF' OTFEp! 9 orTF 9
o= G+ () (6:3)

And in equation 6.3, T'F" denotes the transfer factor of the systematic sample and T'F
the one of the nominal sample.

6.4.2.1T Variable by Variable Approach

When the theory uncertainties are limited due to the available statistics for alternative
samples, a method called variable by variable (VBV) is used. It “boost” the statistics by:

1. When defining the regions (SR, TCR, TVRI1L..), the number of events is taken sep-
arately for each main kinematic variable defined in the SR. So the preselection is taken

2The nominal samples are the ones we used for the analysis and are described in Table 4.1. The
systematic samples are different for each background and will be explain in more detail in the following
section.
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into account plus the cut of only one main kinematic variable. In our case they are amps,
mr, E%niss7 number of b—jetS, and Aqﬁ(ﬁ’%ﬂiss’ l)

2. Then the TFs are computed for one variable at a time, i.e.: TF,,. = SRy, /TCR,,,.
3. They are added variable by variable in quadrature for each systematic source. By

this the uncertainty associated to each variable is then summed in quadrature to obtain
the total uncertainty estimate.

variable

2
Utotal = E Us; (64)
7
1 variable
= — 2 . 2
Ousotar — variable 9 z : U; Uui (65)

The disadvantage of this method is that by boosting our statistics, we are not com-
pletely sure if this gives the correct uncertainty numbers, nevertheless it gives better
results. In the following section the systematic samples used in this analysis will be
described.

6.4.2.111 tt

The selection of samples evaluate three main effects [89)]:

e MC generator/ hard scatter: The MC generator uncertainty is estimated by
comparing events with POWHEG+HERWIG++ (referred as hpp _ ttbar and taken as the
nominal sample for the comparison) and aMCONLO+HERWIG++ (referred as amcatnlo_
ttbar and taken as the systematic sample).

e Fragmentation/ hadronization (Had/Frag): Events generated with POWHEG
are hadronized with either PYTHIA6 (referred as powheg_ ttbar and taken as the
nominal sample) or HERWIG++ (referred as hpp_ ttbar and taken as the systematic
sample) to estimate the effect from modeling of the fragmentation and hadroniza-
tion.

e Additional Radiation: The impact on altering the amount of initial- and final-
state radiation is estimated from comparisons of POWHEG+PYTHIA samples with dif-
ferent parton shower radiation, NLO radiation, and modified factorization an renor-
malization scales. A variation to the lower limit of the radiation, called radiation
low (radLo), and a variation in the upper limit, radiation high (radHi) is taken.

The results of such calculations can be appreciated in Table 6.8 by TF method and in
Table 6.9 by VBV approach for the extrapolation of the TCR to the SR and the rest of
the CRs and VRs. It is appreciated that by the VBV approach the numbers, especially
the statistical uncertainties, have smaller results. By the TF method the statistical un-
certainties are so large that the results are not trustful.

After several investigations, we found out that not separating the samples in either
single leptonic or dileptonic in this analysis gives better results in the uncertainties, so

we will take the whole tf sample, instead of splitting it in single- and di-leptonic, for the fit.

A generalization for calculating the theoretical systematic uncertainties, based on
equation 6.1, but only taking the the number of events (n) can be expressed as:
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Theory uncertainties on ttbar [%]
bWN TVR TI1LCR WCR STCR T1LVR WVR STVR
Radiation 19.7242.82 1.82+4.18 18.5+3.67 18.41£5.16 12.83£9.0 10.44£10.87 | 37.094+5.17 | 16.16+11.76
Hard scatter | 15.44+£17.68 | -15.76+32.29 | 4.08421.4 | 39.07+£27.04 | -42.77+45.43 | -24.41+£25.25 | -27.21+24.01 | -77.3£73.98
Had./Frag. -9.8244.55 -2.1246.47 | -13.85+£6.47 | -3.84+£8.56 | -10.24+£14.18 | -21.714+7.87 -4.8+£9.56 -21.16+13.63
Total 26.914+10.49 | 16.0+31.81 23.47+6.07 | 43.361+24.48 | 45.81+42.61 34.3+18.95 46.25+14.75 | 81.76+70.08

Table 6.8 Theoretical systematic uncertainties using the transfer factor method (TF) on

the extrapolation for the TCR to the bWN, T1LCR, TVR, WCR, WVR, STCR, STVR
for the bWN signal selection.

Theory uncertainties on tthar VBV [%)]
bWN TVR T1LCR WCR STCR T1LVR WVR STVR
Radiation | 14.01£3.55 | 5.42£3.45 | 29.8+1.71 | 26.07£1.8 | 28.64£1.59 | 25.56£1.77 | 22.114+1.85 | 27.31£1.68
Hard scatter | 6.29£7.8 | 19.41£8.97 | 4.42£5.6 7.56+£2.9 | 3.35+5.97 8.1£7.1 7.124+4.32 | 5.37%6.13
Had./Frag. | 15.924+3.84 | 5.57+£3.49 | 24.15+1.78 | 33.81+£2.65 | 24.04+1.67 | 30.3441.74 | 28.07+1.65 | 31.13£1.7
Total 22.12+4.2 | 20.91£8.43 | 38.61£1.84 | 38.76£7.38 | 37.54%x1.7 | 40.49£2.23 | 32.17£2.01 | 41.76£1.85

Table 6.9 Theoretical systematic uncertainties using the VBV approach on the extrapo-
lation for the TCR to the bWN, T1ILCR, TVR, WCR, WVR, STCR, STVR for the bWN

signal selection.

e Difference up and down scale

Nup - Ndawn
n= —————— 6.6
Nup + Ndown ( )
e Difference systematic and nominal samples
Nsyst - Nnom
Nsyst ( )

In Figure 6.17 the histograms show the total number of events of the systematic and
nominal samples for the tf systematics in every region for the different effects. At the
bottom plot the output of the systematic uncertainties calculation with equations 6.6
and 6.7 is shown. With this is more clear where do the bad systematics come from. In
the regions where we have less events and a bigger difference between the samples, the
uncertainty is larger. This is one reason why the VBV approach helps to get better results.

6.4.2.1V W-+jets

The uncertainty in the W+jets background from the merging of matrix elements and par-
ton showers is studied by varying the scales related to the matching scheme. To estimate
this, samples produced at EVENGEN [89] (SHERPA 2.2.0) only, and the uncertainty is
evaluated at truth level. They have the following variations scales:

e Renormalization scale variations (renorm): varied by a factor of x 2 and x
0.5.

e Factorization scale variations (fac): varied by a factor of x 2 and x 0.5.

e QSF variations (gsf): varied by a factor of x 2 and x 0.5. It is the resummation
scale.

e CKKW matching variations(ckkw): in this scale, the nominal value is 20 GeV
and the variations goes down to 15 GeV and up to 30 GeV [87].
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Figure 6.17 Histograms showing the number of events with the nominal and systematic
samples for each variation in tf theoretical uncertainties, per defined region. In the ra-
tio plot at the bottom of each histogram, the systematic uncertainty calculation (n) is
presented. -
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Theory uncertainties on W+jets [%]
bWN TVR T1LCR TCR STCR T1LVR WVR STVR
ckk 3.024+15.05 0.134£21.0 2.5543.25 | -4.58+154.86 | 2.8242.0 2.664+5.32 | 1.74+1.52 | 3.1242.37
fac 4.08£15.05 | 3.34£20.92 | 3.35+3.25 1.26+144.0 3.38+1.99 | 3.34£5.31 | 3.35+1.51 | 3.55+£2.36
generator | -4.69£28.63 | -26.79+£34.42 | 8.07+£6.12 | -33.76+83.5 | 11.1+£4.17 | 16.37+£9.85 | 8.46+1.65 | 17.72+6.93
qsf 0.6£14.98 0.99420.95 | 0.574+3.25 | 3.614+147.53 | 0.22£1.98 | 0.57£5.31 | 0.87£1.51 | -0.424+2.36
renorm | 33.03£13.43 | 33.49£18.62 | 33.54+2.88 | 24.4+140.88 | 32.83+1.77 | 33.21+£4.73 | 32.64+1.35 | 32.69+2.11
Total 33.75+13.92 | 43.03+25.92 | 34.764+3.15 | 42.084+107.82 | 34.94+£2.14 | 37.284+6.07 | 33.93£1.37 | 37.49+3.77

Table 6.10 Theoretical systematic uncertainties using the transfer factor method (TF)

on the extrapolation for the WCR to the bWN,T1LCR,TVR,TCR,WVR,STCR,STVR
for the bWN signal selection.

Theory uncertainties on VBV W-jets [%)]

bWN TVR TI1LCR TCR STCR T1LVR WVR STVR
ckk 0.8540.06 | 1.65+0.24 | 0.67+0.01 | 1.974+0.38 | 1.24+0.02 | 1.2940.01 | 0.8940.01 | 1.5840.03

fac 0.36+0.02 | 0.38¢0.03 | 0.05+0.0 | 0.3840.03 | 0.114+0.0 | 0.18£0.0 | 0.15£0.0 0.240.0
generator | 13.9242.55 | 30.5+4.66 | 9.42+0.17 | 27.944.23 | 9.66+0.22 | 8.674+0.18 | 3.534+0.05 | 10.65+0.3
gsf 0.88%+0.04 1.7+0.27 0.17£0.0 | 1.9840.26 | 0.54£0.01 | 1.17+0.01 | 1.0740.01 | 1.38£0.01

renorm 1.540.09 2.1940.25 | 0.21+£0.0 | 2.464+0.31 | 0.27+0.01 | 0.35£0.0 | 0.41+0.0 0.440.0
Total 14.06+2.53 | 30.67+4.63 | 9.4540.17 | 28.154+4.19 | 9.76£0.22 | 8.85+0.18 | 3.824+0.05 | 10.86%0.3

Table 6.11 Theoretical systematic uncertainties using the VBV approach on the extrap-
olation for the WCR to the bWN, TILCR,TVR,TCR,WVR,STCR,STVR for the bWN
signal selection.

e Generator comparison (generator): MADGRAPH + PYTHIA 8 are chosen to eval-
uate the uncertainty due to the generator. The full difference between the nominal
sample (SHERPA) and the systematic sample (MADGRAPH) is taken as the uncertainty.

As shown in the bullet points before, systematic uncertainties on the W+jets process
arise from the merging of the matrix elements (ckkw), the parton shower modeling in
SHERPA (qsf), the variation of the renormalization (renorm) and factorization (fac) scales.
In addition, the uncertainty from the choice of MC generator is also considered and
estimated by comparing the SHERPA and MadGraph+Pythia 8 samples.

For calculating the reweights, formula 6.6 is used and for the generator the formula 6.7
is applied. In Figure 6.18 we can appreciate the number of events from the samples per
region, and the uncertainty. In Table 6.10 the numerical results of the theory uncertainties
are shown by TF method and in table 6.11 by VBV approach.
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Figure 6.18 Histograms showing the W +jets events per defined region, with the nominal
and systematic samples for each variation in the W-jets theoretical uncertainties. In the
ratio plot at the bottom of each histogram, the systematic uncertainty calculation (n) is
presented. o
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and systematic samples for each variation in the W +jets theoretical uncertainties. In the
ratio plot at the bottom of each histogram, the systematic uncertainty calculation (n) is
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6.3.2.V Single Top

The only relevant mode of he single top in the analysis is the Wt channel.

e MC generator/ hard scatter: The MC generator uncertainty is estimated by a
comparison of POWHEG+HERWIG++ sample as the nominal and aMCONLO+HERWIG++ as
the systematic sample.

e Fragmentation/ hadronization (Had/Frag): The events generated with POWHEG
are hadronized by comparing with HERWIG++ as POWHEG+HERWIG++ taken the sys-
tematic sample, and with PYTHIA6 as POWHEG+PYTHIA6 taken the nominal sample.

e Additional Radiation: As in the ¢ variation, using POWHEG+PYTHIA and a vari-
ation to the lower limit of the radiation, radiation low (radLo), and a variation in
the upper limit, radiation high (radHi) is taken.

e Interference: There can be terms of interference between Wt and tt at NLO. It
has been observed that the diagram removal (DR)E] versus the diagram substraction
(DS)E] approach is not a reasonable comparison in the region of phase space studied,
because it can easily reach one order of magnitude [87]. A different approach is
followed in the LO MC samples, generating separated samples for tt, Wtb, and
WWDbb with MADGRAPH LO multi-leg processes. The sum of the ¢t + Wb is taken
as the nominal sample, and the WIWWbb contribution as the systematic sample.

The formulas used to calculate the double ratio in for the single top uncertainties are
applied with the same logic as equation in 6.7 in hard scatter, had/frag and interference.
For radiation we use the same formula as in equation 6.6.

The histograms in Figure 6.19 show the number of events of the samples in each
dedicated region used for the calculations of the uncertainties for W+jets. In the ratio
plot at their bottoms the calculation of the systematic uncertainties (n) is presented. In
Tables 6.12 and 6.13 the systematics by TF and VBV methods are shown.

3Which does not include diagrams with tf. The interference term with the leading order of tf and Wt
production is removed.
41t substracts the resonant tf contribution locally from the cross section.
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Theory uncertainties on single Top [%)]
bWN TVR TI1LCR WCR TCR T1LVR WVR STVR

Radiation 27.74+8.25 5.26£17.63 4.43+1.18 19.11+5.06 13.845.42 7.51£2.23 -4.25+10.29 22.9340.69
Hard scatter | -70.11£18.91 -33.5£36.82 -36.4£3.98 | -29.74422.86 | -18.02+17.26 | -47.17£6.9 | -100.0£23.98 | -41.83+2.47
Had./Frag. | 143.21453.24 | 390.22+£164.14 | 89.314+5.63 | 56.34421.82 | 232.654+39.81 | 78.7149.49 | 247.81+105.23 | 82.414+3.55
Interference | 14.08+11.95 -5.14£9.45 -2.214£2.24 | -53.43+55.87 | -3.8943.65 -0.17£4.08 -100.0£0.0 -37.1245.12
Total 162.454+47.67 | 391.73£163.54 | 96.57+£5.42 | 85.31+£38.69 | 233.78439.64 | 92.07£8.85 | 285.35+£43.63 | 102.2£3.57

Table 6.12 Theoretical systematic uncertainties using the TF method on the extrapola-
tion for the STCR to the SR and the corresponding CRs and VRs for the bWN signal

selection.
Theory uncertainties on Single Top VBV [%)]
bWN TVR T1LCR WCR TCR T1LVR WVR STVR

Radiation 6.41+3.38 11.6+6.29 9.184+0.68 10.440.82 7.93+3.39 12.27+1.62 | 13.98+1.72 10.440.47
Hard scatter | 29.3+17.69 | 35.45+10.44 | 4.46+3.54 13.114+8.5 72.0+£23.63 | 27.58+13.04 | 45.78£16.06 | 13.35+3.03

Had./Frag. 34.2445.1 29.43+£3.63 | 10.04+1.36 8.74+£1.88 36.11+4.84 12.83+4.33 | 14.02£4.65 3.26£1.1
Interference | 145.2941.59 | 127.21+2.1 | 100.03+0.73 | 100.42+4.86 | 126.244+1.95 | 116.784+0.91 | 118.2447.65 | 130.0+1.13
Total 152.25+3.9 | 135.79£3.49 | 101.05+0.76 | 102.18+4.9 | 149.95+£11.52 | 121.3£3.13 | 128.33+£9.1 | 131.13+£1.17

Table 6.13 Theoretical systematic uncertainties using the VBV approach on the extrap-
olation for the STCR to the SR and the corresponding CRs and VRs for the bWN signal
selection.
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Figure 6.19 Histograms showing the single top number of events per defined region,
with the nominal and systematic samples for each variation or effect in the Single Top
theoretical systematic uncertainties. In the ratio plot at the bottom of each histogram,
the systematic uncertainty calculation (n) is presented.
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6.5 Background Fit

Particle physics experiments have a large number of data samples and they need to be
carefully analyzed. In general, the analyses rely on the predicted number of signal and
background events in data. As discussed in the previous sections, the expected numbers
of background events may be constructed entirely from simulated events or data-driven
methods (i.e. using dedicated control regions). In the case of a search for physics beyond
the SM, the expected number of signal events are always obtained from simulationg’] In
the case that no excess over the expected SM background is observed in the data, exclu-
sion limits can be set on these parameters, as shown in more detail in chapter 7.

6.5.1 Outline of Fitting Setup

Background events follow a Poisson probability distribution as [143]:

bt
P(ni|b;) = 1€ b

7.

(6.8)

Where P(n;|b;) is the probability to observe n; events in bin 7 when b; background
events are expected. The same holds for the signal-plus-background model, and in a more
specific expression introducing our different CRs as:

(Si + (bitz + biw+jets + biST))m 6_(5i+(b

P(nilsi, bz) = itt_+biW+jets+biST)) (69)

with s; the number of expected signal events in bin ¢ and b; the number of backgorund
events in bin ¢ in the different control regions defined.

The search results are obtained by maximizing a likelihood function. The inputs to
the likelihood fit are the number of expected and observed events in the SR and CRs.
The concept of likelihood can be explained with an event counting experiment, in which a
variable is measured in a signal region and the resulting data is summarized in a histogram.
The number of entries are denoted by n = n; + no... The expectation value for bin 7 to
have n; entries is calculated by:

where g is the strength of the signal process. So = 0 stands for the background-only
hypothesis and p = 1 for the signal-plus background model [140]. The s; and b; events
are obtained by probability density functions (PDFs). The shape of the PDFs are charac-
terized by nuisance parameters describing the effect of systematic uncertainties [140] and
explain in more detail in [T41].

As the experiment can depend on different variables, the total probability of obtaining
a specific result is given by the product of the individual probabilities for each bin [141],
which is the likelihood. The systematic uncertainties are included as nuisance parameters
and profiled in the likelihood fits. The nuisance parameters are constrained by terms cor-
responding to the sizes of the systematic uncertainties. The nuisance parameters contain
the normalization parameters related to backgrounds and the systematic and statistical
uncertainties described in the previous section.

®The simulation of the signal process depends in our case on the masses of the stop ¢; and neutralino
=0
X1-
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The fit performed to data is based on statistically independent CRs and SR, ensuring
that they can be modeled by different PDFs and combined in a simultaneous fit. Through
the fit to data, the observed event counts in CRs are used to coherently normalize the
background estimates in all regions, notably in the SR.

Between the common fit strategies, in this thesis only a background-only fit was per-
formed using the uncertainties results by VBV approach from tables 6.9, 6.11 and 6.13.

6.5.2 Background-Only Fit

The fit performed to data is based on statistically independent CRs and SR, ensuring that
they can be modeled by different PDFs and combined in a simultaneous fit. Through the
fit to data, the observed event counts in CRs are used to coherently normalize background
estimates in all regions, notably in the SR.

The fit is performed using the HistFitter software framework [142]. It is a flexible and
programmable framework and contains tools to perform the fits, as well as interpret and
present results. In the HistFitter package, a PDF is constructed from the parameters of
interest. The figure of merit for excluding a part of the parameter space in a BSM search
is based on the so-called confidence level (CL) method [146] which is also implemented in
HistFitter, and explained in more detail in section 7.2.

Here the free parameters are fuz, piwjets and flsingietop Of the tt, W+jets and Single Top
backgrounds, respectively. For diboson and tt+Z/W background samples are assigned
23% and 99% of normalization uncertainty respectively. By doing so the systematic un-
certainties assigned to these backgrounds are assumed to be uncorrelated to one another.

There is a good agreement between the observed events in the bWN SR and the fitted
background events from the different backgrounds as shown in Table 6.14. In Table 6.15

a breakdown of the dominant systematic uncertainties on background estimated in signal
is presented, for all SR, CRs and VRs.
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yields channel bWN TCR TVR T1LCR T1LVR WCR WVR STCR STVR
Observed events 68 293 62 1599 109 3316 355 296 141
Fitted bkg events 68.87 £ 6.57 292.27+16.89 52.77 £5.96 1599.73 +38.87 133.03 £12.80 3314.85+57.46 343.13+£22.74 295.92+17.62 141.77+9.48
Fitted powheg_ttbar events 62.47 £6.39 272.70 & 18.57 48.44 +£6.07 1428.82+42.79 115.99 4+ 12.75 427.60 £ 87.41  47.03 £ 11.13 66.23 £7.45 29.70 +4.00
Fitted sherpa22_Wjets events 1.444+0.61 4.09£2.17 0.66 +£0.40 65.16 £ 17.42 6.01 +1.82 2674.71 +128.88 274.19+25.61 54.88+17.22 26.32 +8.57
Fitted powheg_singletop events 2.224+0.78 570 +£1.34 1.234+0.57 89.53 £+ 16.00 9.52 + 1.98 59.44 +17.13 6.00 £2.26 167.07 +28.65 82.05 £ 14.28
Fitted amcnlo_ttV events 1.86 +1.81 7.74£750 1.97+£1.92 10.06 4+ 9.83 1.16 £1.13 3.18+3.14 0.4470-4% 3.60 + 3.51 2.08 +2.03
Fitted sherpa221_diboson events 0.87 = 0.28 2.034+0.66 0.46+0.14 6.16 + 2.10 0.34 £ 0.21 149.91 £ 40.31 15.48 +4.80 4.15+1.73 1.64 £0.83
MC exp. SM events 67.95 273.25 50.54 1645.32 137.31 3767.65 389.82 301.30 144.45
MC exp. powheg_ttbar events 61.42 253.38 46.19 1466.41 119.63 431.74 47.62 68.09 30.80
MC exp. sherpa22_Wjets events 1.69 4.76 0.77 76.40 7.04 3126.51 320.63 64.40 30.85
MC exp. powheg_singletop events 2.13 5.47 1.19 86.41 9.16 57.05 5.72 161.11 79.12
MC exp. amcnlo_ttV events 1.84 7.61 1.94 9.93 1.14 3.13 0.43 3.55 2.05
MC exp. sherpa221_diboson events 0.87 2.03 0.46 6.17 0.35 149.21 15.42 4.14 1.63

Table 6.14 Observed events in the control and validation regions for bWN together with the fitted background events for 36.1=% fb. The lower part of the table shows
the background estimates as obtained from Monte Carlo before the background-only fit. The upper part of the table shows the corrected values after the fit. Note that
the individual uncertainties can be correlated, and do not necessarily add up quadratically to the total background uncertainty.



Uncertainty of channel bWN TCR TVR T1LCR T1LVR WCR WVR STCR STVR

Total background expectation 68.87 292.27 52.77 1599.73 133.03 3314.85 343.13 295.92 141.77
Total statistical (\/Nexp) +8.30 +17.10 +7.26 +40.00 +11.53 +57.57 +18.52 +17.20 +11.91
Total background systematic +6.57 [9.54%)] +£16.89 [5.78%] +5.96 [11.30%] +£38.87 [2.43%)] +12.80 [9.62%] £57.46 [1.73%] £22.74 [6.63%)] +£17.62 [5.96%] +9.48 [6.68%]
alpha_powheg_ttbar_Fragmentation +7.04 +0.00 +2.49 +259.92 +28.52 +71.30 +10.09 +12.64 +7.48
alpha_powheg_ttbar_Radiation +5.78 +0.00 +1.72 +270.50 +18.79 +69.06 +6.46 +12.52 +5.28
alpha_powheg_ttbar_HardScatter +5.27 +0.00 +5.08 +60.00 +9.04 +18.64 +3.45 +2.92 +1.96
mu_ttbar +5.51 +24.06 +4.27 +126.07 +10.23 +37.73 +4.15 +5.84 +2.62
alpha_JES_GroupedNP1 +2.81 +8.26 +0.66 +14.23 +5.11 +34.89 +1.75 +5.37 +2.58
alpha_xsec_powheg_singletop +2.18 +5.62 +1.22 +88.57 +9.40 +58.64 +5.90 +165.07 +81.07
mu_singletop +2.15 +5.53 +1.20 +86.88 +9.24 +57.68 +5.82 +162.11 +79.61
alpha_xsec_amcnlo_ttV +1.80 £7.49 +1.90 +9.76 +1.12 +3.08 40.43 +3.49 +2.01
gamma_stat_bWN_cuts_bin_0 +1.57 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
alpha_bTag +1.28 +6.28 +0.97 +55.81 +4.49 +85.20 +10.14 +11.59 +5.98
alpha_MET _Reso_para +1.27 +1.75 +0.15 +1.11 +0.63 +0.54 +1.95 +1.15 +0.23
alpha_prw +1.07 +6.79 +0.64 +63.18 +5.96 +75.48 +10.88 +13.25 +5.49
alpha_cTag +1.05 +0.69 +0.70 +27.02 +£2.02 +59.29 +6.41 +14.89 +6.61
alpha_MET _Reso_perp +1.01 +1.86 +0.58 +0.04 +0.66 +1.34 +2.51 +1.06 +0.85
alpha_cextra +0.68 +0.32 +0.39 +0.17 +0.08 +0.21 40.05 40.01 +0.00
mu_wjets +0.60 +1.70 +0.28 +27.14 +2.51 +1114.23 +114.22 +22.86 +10.96
alpha_xsec_sherpa22_Wjets +0.60 +1.69 +0.27 +26.91 +2.48 +1103.93 +113.19 +22.67 +10.86
alpha_sherpa22_Wjets_generator +0.41 +1.90 +0.34 +11.14 +0.97 40.00 +19.37 +10.10 +5.41
alpha_MET _Scale +0.40 +0.74 +0.22 +2.88 +0.05 +3.00 +0.11 +0.74 +0.10
alpha_JES_GroupedNP2 +0.34 +1.75 +0.41 +1.45 +0.44 +2.97 +3.52 +0.41 +0.53
alpha_JES_NonClosure +0.28 +0.04 +0.07 +1.66 +0.66 +1.58 +1.77 +0.36 +0.43
alpha_JER +0.23 +7.18 +0.80 +23.79 +0.06 +20.15 +1.16 40.52 +0.08
alpha_xsec_sherpa221_diboson +0.20 +0.46 +0.10 +1.41 +0.08 +34.22 +3.54 +0.95 +0.37
alpha_bextra +0.08 +0.25 +0.08 +5.97 +0.21 +4.80 +0.72 +6.17 +3.63
alpha_JES_GroupedNP3 +0.05 +0.26 +0.10 +1.34 +0.01 +4.49 +0.62 +0.86 +0.23
alpha_lTag +0.05 +1.57 +0.15 +11.53 +1.13 +53.07 +5.68 +11.39 +5.10
alpha_sherpa22_Wjets_renorm +0.02 +0.10 +0.01 +0.14 +0.02 +0.00 +1.13 +0.15 +0.10
alpha_sherpa22_Wijets_qgsf +0.01 +0.08 +0.01 +0.09 +0.07 40.00 +2.91 +0.29 +0.36
alpha_sherpa22_Wjets_ckk +0.01 +0.08 +0.01 +0.43 +0.08 40.00 +2.43 +0.66 +0.41
alpha_sherpa22_Wjets_fac +0.01 +0.02 +0.00 +0.03 +0.01 +0.00 +0.40 +0.06 +0.05

Table 6.15 Breakdown of the dominant systematic uncertainties on background estimates in the signal, control, and validation regions for the bWN analysis. Note that
the individual uncertainties can be correlated, and do not necessarily add up quadratically to the total background uncertainty. The percentages show the size of the
uncertainty relative to the total expected background.



Uncertainty of channel bWN TCR TVR T1LCR T1LVR WCR WVR STCR STVR

gamma._stat_TCR_bWN_cuts_bin_0 +0.00 +5.79 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
gamma_stat_T1LVR_bWN_cuts_bin_0 +0.00 +0.00 +0.00 +0.00 +2.41 +0.00 +0.00 +0.00 +0.00
gamma_stat_ WCR_bWN _cuts_bin_0 +0.00 40.00 +0.00 +0.00 +0.00 +23.99 £0.00 +0.00 £0.00
gamma_stat_TVR_bWN_cuts_bin_0 +0.00 +0.00 +1.39 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
gamma._stat_T1LCR_bWN_cuts_bin_0 +0.00 +0.00 +0.00 +11.47 +0.00 +0.00 +0.00 +0.00 +0.00
gamma._stat_STCR_bWN_cuts_bin_0 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +3.77 +0.00
gamma_stat_WVR_bWN _cuts_bin_0 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +5.48 +0.00 +0.00
gamma_stat_STVR_bWN _cuts_bin_0 £0.00 +0.00 +0.00 +0.00 +0.00 £0.00 £0.00 +0.00 +2.16

Table 6.15 Breakdown of the dominant systematic uncertainties on background estimates in the signal, control, and validation regions for the bWN analysis. Note that
the individual uncertainties can be correlated, and do not necessarily add up quadratically to the total background uncertainty. The percentages show the size of the
uncertainty relative to the total expected background.
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6.5.3 Background-Only Fit Results

Number of events

e in CRs: The results table 6.13, show the background estimates after the fit to

the control regions in the upper part and the background estimates obtained from
Monte Carlo simulation at the bottom. On the first lines, the number of observed
events is given and it is compared to the fitted total background expectation values.
The background-only fit leads to a very good agreement between the total fitted
background estimate and the data in all CRs.

in VRs: The results of the background-only fit in the CRs are extrapolated to the
VRs in order to cross-check the extrapolation to larger E’Tm” and lower amyo values
and thus to the SR. The background estimates before and after the background-
only fit are shown together with the observed data in Table 6.13 for the validation
regions with the VRs suffixes. The agreement between fitted background estimates
and observed data is also summarized in the pull plot in Figure 6.20. The pull plot
shows at the bottom the difference of the observed data subtracted by the number
of expected events normalized to the total uncertainty (including statistical and
systematic uncertainties), which are called pulls. The background estimates in the
validation regions after the fit are slightly lower than the observed number of data
in the TVR and WVR, in the TILCR the numbers are higher, as seen in Table
6.13. However, the fitted background estimates are in agreement with observed
data within 1o, as shown in the pull plot.
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3500 ATLAS Work in progress _ - :
s=13TeV, 361 b et M [ Single top

3000 []W+jets [H]Diboson

2500

2000

1500

1000

500

bWN TCR_bWN TVR TILCR_bWN  TILVR WCR_bWN WVR STCR_bWN STVR

Figure 6.20 fitted number of events after performing the fit, in the different regions. At
the bottom the pulls are shown for the four VRs. The fitted background estimates slightly
overestimate in the observed data for T1LVR, therefore the pulls are shifted to negative
values. However, the deviations are within 1o when considering all uncertainties.

e in SR: Similarly to the case of the VRs, the results of the background-only fit in

the CRs are extrapolated to the SR. The fitted background estimate yields 68.87 +
6.57 in the bWN region and 68 observed events. A good agreement between data
and fitted background estimates is shown. In fact, comparing these results with the
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ones in the actual analysis [89], where only one dedicated CR (TCR) was defined,
an improvement is reached. By defining CRs for the other sub-leading backgrounds
in the analysis, we obtain a reduction in background uncertainties of about ~ 50%.
The improvement can be appreciated in Table 6.16 where a reduced version of the
results tables from this studies and the current analysis is shown. It contains the
observed events and fitted background events and the total background uncertainty.

The uncertainties on the background estimates contain both systematic and sta-
tistical uncertainties. A break-down into the various components is given in Table
6.14. Due to correlations, the final uncertainties do not necessarily match to the
squared sum of the single uncertainties. The tf fragmentation, radiation and hard
scattering have the largest contribution to the total uncertainty. In this part, we
can also see a reduction in the background systematic numbers, compared with the
results of the current analysis as shown in Table 6.16.

Uncertainty of channel bWN TCR TVR
Observed Events 68 293 62
Fitted bkg events 70.70+15.70 292.89 + 17.11 52.43+8.34

Total statistical (y/Nexp) +8.41 +17.11 +7.45

Total background systematic +15.70 [22.18%] +17.11 [5.94%] +£8.34 [15.04%]

Uncertainty of channel bWN TCR TVR
Observed Events 68 293 62
Fitted bkg events 68.87+6.57  292.27 + 16.89 52.7745.96

Total statistical (y/Negp) +8.30 +17.10 +7.26

Total background systematic +6.57 [9.54%] +16.89 [5.78%] +5.96 [11.30%]

Table 6.16 On the top table, the results of background-only fit in the current analysis
[87] with only one dedicated CR for the main background. The data shows a small under-
fluctuation in the bWN channel. At the bottom table, the results of this studies with
dedicated CRs for the other sub-backgrounds. After the background-only fit as shown
in bottom table, an improvement in the fitted background in the bWN is achieved in
comparison with the upper table. The total background systematics are are significantly
reduced after the fit.
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Chapter 7

Results

7.1 Limits

For calculating the significance of a signal excess, a probability is defined to interpret
elements of a set as a hypothesis, i.e. statements which are true or false and explained
in more detail in [144]. In a hypothesis test two assumptions are taken. First the null
hypothesis Hy: background-only processes exists, and secondly the hypothesis Hy: both
signal-plus-background processes exists. In the simplest case, the hypothesis test is a
number counting experiments for these assumptions.

The crucial part in the hypothesis test is the decision when the null hypothesis Hy
should be accepted or rejetced. Ideally the probabiity of rejecting Hy should kept small.
For this purpose a significance level « is definded, usually before performing the test and
by convention with a small value, about 0.05, explained in [144]. As the signal model
is characterized by continuous parameters representing the masses of new particles (stop
and neutralino masses), we can perform a test in the range of « for the most important
values in our 3-body diagonal phase space, and those values who are not rejected con-
stitute what is called a confidence region for parameters with a confidence level of C'L
= 1—a. By construction a hypothesized point in parameter space will, if it is true, be
rejected with probability «. Therefore the confidence region will contain the true value of
the parameters with probability 1 — . With « set at = 0.05 as said before, the regions
will have a confidence level of 95%.

The outcome of the hypothesis can be expressed in the p—value. The p—value gives the
probability to observe the same or more extreme results than the measured one, assuming
Hp to be true. It describes how likely it is that an observed excess, potentially coming
from the signal-plus-background model, is caused by background processes. Following
this, a model is excluded if p,, <5%, which corresponds to C'L,3,=95%. This can be
problematic for low sensitivity in the signal processes, i.e. having a number of background
and signal events almost equal to the background-only events (s + b & b). Such models
can be falsely excluded. To avoid this, the C'L; method is introduced as [145]:

Ps+b
CL,=—— 7.1
T (7.1)
If the test statistics of s + b and b are close to each other, then p, is large and the
denominator is therefore small. As a consequence C'L, is larger than C'L, ;. In the case
where py is small and the denominator is ~ 1, we have C'Ls ~ C'Lg.p. So the model should
be choose to have an exclusion of C' Ly, <5%.
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The p—value is equivalently formulated by the significance Z which is the number of
standard deviations a Gaussian variable would need to fluctuate in one direction to give
the same p—value. The significance (Z) is obtained by [144]:

7 =d1(1-p) (7.2)

®~! is the inverse of the cumulative distribution of the standard Gaussian. Z measures
the probability in units of standard deviations (o) that an observed excess in data would
correspond to a statistical fluctuation of the hypothesized background.

After performing the hypothesis tests with HistFitter framework [142], and running
it over the main mass points Am(#;, ¥¥)<my,, corresponding to the phase space in the
3-body decay, the results are presented in Figure 7.1. The expected significance plots can
be appreciated. On the top we have the results of the current analysis, and on the bottom
in this studies. The numbers in the plots are the results of the expected significance in
those mass points, while the dotted line represents the limits excluded.

From Figure 7.1 we can see that the exclusion limit is improved with these studies
(i.e. gaining more space in the diagonal where the 3-body decay takes place), going up to
stop masses of 450 GeV and neutralino masses of 300 GeV. The sensitivity numbers are
also higher specially in the bins for the stop mass of 250 and 300 GeV.

If no significant excess of data over SM background expectation is observed, one can
set exclusion limits on the parameter space of the signal model with a certain confidence
level (CL). Figure 7.2 shows the contour which encloses the signal points tha can be
excluded, from the 3-body decay phase space diagonal, with CL > 95%, derived using
the hypothesis testing utility of HistFitter framework [142]. At the top the results to for
the current analysis and at the bottom the results of the studies for these thesis. The red
curve of the plot shows the observed limit. This curve has been calculated by using the
nominal signal cross sections. When modifying the signal cross sections (up or down) by
their theoretical uncertainties and evaluated as described in the last section, the dotted
red lines are obtained. The yellow band indicates the +1¢ variations on the expected
limit [T42]. All lines are given at a 95% CL.

90



CHAPTER 7. RESULTS

ﬁ production, "t-—> bWN

S 600-'AﬂAé‘|'n'tér'rial o
o] - s =13 TeV, 36.1 fo’! 848
= 500exp. significance g 2
Ea>< - 088 161 1% 2
400 [ 498 038 j:: i
: A e o2 0 ]
300K E B v -
: W e e W :
N . 042 oI - -71g8 ]
200 - ?g, _ A% ;:g ) :‘?gg ]
- ‘ : 1.9 .
- S VT ]
R ‘387 19 _
100+ l" 294~ 088 o
- e 32 ]
O—I 1 1ﬁl L1l | L 111 | 1111 I 1111 | 1111 | 1111 | 111 1 ‘ 111 L:
150 200 250 300 350 400 450 500 5{5(%) 8?0
m- e
t1
Y;fl production,?la bWN
S 600FRTIINS ntermal T T
& s =13 TeV, 36.1 fb .
= 500[exp. significance o
Eﬁk C 080 459
B 016  -0.2§
4001 RS - R
C 055 194 ]
B 147 0,50 7]
300 St -
: ey :
200__ ,”—:.48 %.%71,/ ]
- ke a15.7%" 7]
B ,452 /’ |
100 e 385 —
C ‘170 B
060 ]
i1 I 11 1 | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 111 1 I 111 1
150 200 250 300 350 400 450 500 550 600
m- [GeV]
1

Figure 7.1 Expected significance result plots for the 3-body decay diagonal. On the top
the result of the current analysis [89] and on the bottom the results of the studies made
for this thesis.
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Figure 7.2 Exclusion limits at 95% C'L together with its £1¢ error band calculated by
HistFitter in the (mg,, mgo)-plane. The red curve shows the observed limit. On the left
side the results of the current analysis is presented [89]. On the right side the results of
the studies of these thesis. Both plots are generated for an integrated luminosity of 36.1

fb1.
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Chapter 8

Sensitivity Studies in the 4-Body
Channel

In this chapter a short description of a more compressed phase space in a pure bino
LSP scenario will be given. The target of this phase space is the pair production of top
squarks with a mass splitting of at most 80 GeV. For small mass splittings, the lepton
in the final sate originate from a virtual W boson decay, and is expected to have low pr.
The stop quark can decay to a bottom quark, two different and light fermions and the
LSP. Preliminary studies defining an optimal signal region will be presented.

8.1 4-Body Decay

For the stop four body decay the difference in the mass Am of the stop-neutralino
phase space is even smaller than in the 3-body case. This decay channel happens when
Am(t1, X?) < mw, so the t; decays via b—jet, two different fermions f and the neutralino
X! known as the four body decay channel bffN, as seen in Feynman diagram in Figure 2.8
right.

The leptons in the final state, originating from the off-shell W boson decay, are ex-
pected to have very low pr. To compensate this, a high transverse momentum jet from
an initial state radiation (ISR) is required to boost the system in the opposite hemisphere
enhancing a E* value expected from the two LSPs, as shown in Figure 8.1. By this the
final states expected are a high-pr ISR, a soft lepton (e or p), jets and a huge amount of
undetected energy.

Low b-jet pT
I I I N S . 9
Large
Large
SR Low b-jet pT MET

Figure 8.1 Illustration showing the required ISR jet to boost the system and obtain the
required E7¢. The resulting objects are soft (low pr) including the soft lepton selected
from the off-shell W boson.
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bffN
Preselection soft-lepton
Leading jet pr (no b— tagged) | > 400 GeV
Eiss >300 GeV
mr < 160 GeV
PP | Elpiss < 0.02
min(A¢(pFs b—jet)) <15

Table 8.1 Event selection defining the kinematic variables for the bffN signal region in
the current analysis [87]. The soft preselection in table 5.2 was applied.

8.2 Motivation

In the current stop 1L analysis, no dedicated signal region for the 4-body decay channel
was developed. Instead, since the bffN signature is very similar to Higgsino (see Fig 2.7
right and 2.8 right) with a single soft-lepton, this soft-lepton Higgsino SR was used for
the bffN search, named bC soft diagonal [87].

8.2.1 Current Status

The preselection described in Section 5.3 Table 5.2 is used for the current analysis. A re-
quirement on the min(A@(ph's*), b—jet)) was set to reduce W+ jets background, resulting
in a leading background of semileptonic # events. The variables pi”/Eqiss, mjccustered

have been introduced and explained in more detail in section 5.2. The selection for the
bffN SR is shown in Table 8.1.

At first the results seemed promising, and sharing the information from the bC soft
diagonal SR seemed sufficient. A total background event yield of ~ 66 and a signal event
yield of ~ 65 for the mass point m(%;, ¥})=(350,300) GeV [87] was obtained. Afterwards,
it was noticed that the proper efficiency filter was not applied in the first set of samples,
and when fixing the problem a reduction of a factor of 3 in the cross section for the bffN
was obtained. So the results were not promising anymore, leading to the results shown in
Figure 8.2, describing the obtained event yields with the correct samples. The significance
7l lead to a number of 0.836. The main background obtained with this selection is t#1L
(~34%) as shown in the pie chart. Figure 8.3 and 8.4 shows the distributions of the main
kinematic variables and the n-1 plots for the samples with the proper efficiency filter into
account. The bffN mass points used were m(#;, ¥9)=(350,270), (350,300) and (400,350)
GeV.

!Explain in more detail in the next subsection 8.2.2.
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ATLAS Work in prog
s=13TeV, 36.1 b

w1l (34.6)%
1 WHjets (25.2
[ Single top (1

Events / 50 GeV

hffN el mu total Emtt 1Lt (10.8)%
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Total SM 14.66 &+ 1.31 50.24 £ 2.38 64.91 £ 2.71

bfN_350_300 451 £1.73 15.57 +£ 2.15 20.08 + 2.76

Significance 2 0.836

Figure 8.2 On the left the event yield table of the expected number of events for an
integrated luminosity of 36.1 fb~! after applying the selection in Table 8.1 is presented.
It corresponds to the results in the current analysis after the correct filter efficiency was
applied. It is divided in the number of yields in the electron (el) and muon (mu) channel.
bffN_350_300 stands for the signal mass point m(#;, ¥?)=(350,300) GeV. The significance
calculation Z is given in he last row and explained in section 8.2.2. On the right the
breakdown of the main SM background processes is shown.
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Figure 8.3 Distributions of the main kinematic variables after applying the selection of
the current analysis (see Table 8.1). The proper filter efficiency is taken into account.
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Figure 8.4 Distributions of the main kinematic variables after applying the selection of
the current analysis (see Table 8.1), except for the requirement that is imposed on the
variable being plotted. The proper filter efficiency is taken into account.
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bffN Current | bffN First Idea
Preselection soft-lepton soft-lepton
Leading jet pr (no b— tagged) | > 400 GeV > 400 GeV
Eriss >300 GeV >300 GeV
mr < 160 GeV —

PP | Eipiss < 0.02 <0.1

min(A@ (P b—jet)) <15 < 0.5
First b—jet pr — < 50 GeV

Table 8.2 Event selection defining bffN signal region in the actual analysis [87] and
comparing it to the first idea of optimization.

8.2.2 Improved Selection

After noticing the previous significance problem, new studies looking for a dedicated SR
for the 4-body region were performed. We came with a preliminary idea, by analyzing
the n-1 plots distributions, of the following: to relax the variable plﬁp /B to omit the
mrp cut, tighten the min(A¢(phiss, b—jet)) variable to get rid of W+jets background, and
to require the first b—jet pr to be below 50 GeV. With this new selection as shown in
Table 8.2, significant better results were obtained. The mass points taken to test were
m(t1, ¥9)=(350,270), (350,300) and (400,350) GeV as shown in the n-1 plots in Figure 8.5,
showing the distributions of the main kinematic variables and the signal contribution.

One comon criteria used in several analysies to define a SR, is to find the best achiavble
significance Z in the SR. As in this model we have low signal and background event rates
expected in the SR, the background needs to be described by a Poisson distribution (see
6.5.1) [144]. To obtain a more accurate value of Z, its value is determined taking also
into account the uncertainties on background events, explained in more detail in [147].
For the bffN optimization studies, we took a flat 30% of background relative uncertainty
(Abye;). The calculation of Z is implemented by ROOT software framework [148]. The
function is defined as [149]:

RooStats: :NumberCountingUtils: :BinomialExpZ(s, b, Ab,¢) (8.1)

with s the number of signal event yields and b of the background. With this tool
used for the Z calculation, the significance with this first idea is improved to Z= 1.370
as shown in Figure 8.4 left. The contribution of the main SM backgrounds is also seen
in the pie chart at the right. We can appreciate that after this selection we have more
W+jets background events (~34%).

After realizing that an improvement in Z is feasible, deeper studies were made focusing
on optimizing the SR. Studies looking at different possible discriminating variables were
performed using an optimization tool. This tool created by a member of our group, have
as an input the main and possible discriminating variables with a loose selection. Then
the tool is performed and it search through all permutations of the different cuts on the
variables, for the cut combination with the optimal result of all, i.e. the best significance
Z value.
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Figure 8.4 On the left the event yield table of the expected number of events for an inte-
grated luminosity of 36.1 fb=! after applying the selection in Table 8.2. It corresponds to
the first idea of optimization. It is divided in the number of yields in the electron (el) and
muon (mu) channel. bffN_350_300 stands for the signal mass point m(#;, ¥9)=(350,300)
GeV. The significance calculation Z is given in he last row.p On the right the breakdown

of the main SM background processes is shown.
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Figure 8.5 Distributions of the main kinematic variables after applying the selection of
Table 8.2, except for the requirement that is imposed on the variable plotted.
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Figure 8.5 Distributions of the main kinematic variables after applying the selection of
Table 8.2, except for the requirement that is imposed on the variable being plotted.
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bffN Current | bffN Optimal Idea
Preselection soft-lepton soft-lepton
Leading jet pr (no b— tagged) | > 400 GeV > 400 GeV
Eiss >300 GeV >350 GeV
mr < 160 GeV > 100 GeV
PP | Eipiss < 0.02 <0.1
min(A¢(p*s b—jet)) <15 <15
First b—jet pr — < 70 GeV

Table 8.3 Events selections defining bffN signal region in the actual analysis [87] and
comparing it to the optimal result.

In this preliminary studies the presented kinematic variables in table 8.3 were used as
an input in the tool and two extra ones: Hp and METsigﬂ The best result found is pre-
sented in Table 8.3 showing the selection on the discriminanting variables. A requirement
on mp was suggested. The first b—jet pr and the péfp /BN requirements are relaxed,
compared to the current selection. With this selection we reach a significance of Z =
3.286, taking the event yields from Figure 8.6 and the mass point m(#;, ¥9)=(350,270)
GeV. The breakdown of the main SM background contributions is shown and we can see
that the main background is now dileptonic ¢t (~67%). In the n-1 plots in Figure 8.7 also

the mass points for m(¢, ¥9) = (350,300) and (400,350) GeV are shown.

For the other mass points tested in this optimal region, the significances obtained
were: for m(#;, ¥})=(350,300) GeV a Z value of 2.508 (which in the current analysis is
7 ~0.836 with the same mass point), and for m(#;, ¥9)=(400,350) GeV a Z value of 1.45.
We can see that when the mass difference Am between the stop and the neutralino is
closer to 80 GeV (to the W boson mass) the mass point is well optimized. In this region
the average lepton momentum increases and a soft b—jets can be reconstructed. When
Am is smaller, the lepton momentum is even lower and the reconstruction of the variables
could not enter the acceptance.

2These variables are not further described because their performance after using the toll was not
optimal, so we did not take them for this studies. Hr is the negative sum of jets and lepton vectors and

MET,;, is Emiss /\/Hy .
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Figure 8.4 Event yield table of the expected events at 36.1 fb~! after applying the
selection in Table 8.3, as the optimal result obtained so far. It is divided in the number of
yields in the electron (el) and muon (mu) channel. bffN_350_270 stands for the signal mass
point m(#;, ¥9)=(350,270) GeV. On the right the breakdown of the main SM background
processes is shown.

9 16 :—A_TL'AS_ Work In progress §§§T|ota| SM Dtlf oL © :A_TLAS_ Work in pfogress §¥¥Totlal SM lDﬁ oL
2 4-_%m=“'1""§"¥;v o1 EEILe WL s 10 _—%’":'%‘%’;V o1 EEiLe WL
= E S0 [JW+jets [JSingle top - - S0 [JW+jets []Single top
w 1277 m(i,x6)=(350,270) [ Diboson [[]Z+ets "g C mit,)=(350.270) [ Diboson [[]Z+ets
% ------ m(t,)~(350,300) 3 8- m(,)-(350,300)
L1>J 10 m(tX,)=(400,350) o C m(t.x,)=(400,350)
| p—

0 005010150.20.250.3035040450.5

15 2 25 3 35 4

lepPt_over_met dphi_b_ptmiss_min

Figure 8.7 Distributions of the main kinematic variables after applying the selection of
Table 8.3, except for the requirement that is imposed on the variable being plotted.
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Figure 8.7 Distributions of the main kinematic variables after applying the selection of
Table 8.3, except for the requirement that is imposed on the variable being plotted.
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Chapter 9

Conclusion and Outlook

If SUSY exists, it must be spontaneously broken. Such broken symmetry would solve
many problems, for example, the fine-tuning problem of the Higgs boson mass. A direct
confirmation of the existence of SUSY would be the production of SUSY partners (spar-
ticles) of existing particles in the proton-proton collisions at the LHC.

A light stop is motivated by natural SUSY in which the stop should cancel the large
radiative correction from the top quark to the Higgs boson mass. This thesis presented
a search for evidence of the stop pair production. The searches were performed requiring
at the final state of a signal event one electron or muon, one neutrino originating from
the decay of an on- or off-shell W boson, two b quarks (reconstructed as b jets), two
light-flavor quarks and two lightest supersymetric particles (LSPs). The LSPs are not
interacting with the detector material and cause large missing transverse energy (FE%)
together with the neutrino. Therefore, the event selection in the analysis requires ex-
actly one isolated electron or muon, EF*** and at least one b-jet. Using 36.fb~! of data
taken with the ATLAS detector throughout 2015 and 2016 at a center of mass energy
v/s=13TeV. No excess in data over the SM predictions is found.

The analysis presented, considered the pure bino LSP simplified model of the stop de-
cay scenario. It focused on two different regions in the supersymmetric parameter space,
exhibiting small mass differences between the stop and the neutralino Am = m;, — mgo.
When Am < My, we had a three-body decay (bWN), where the stop #; undergoes via
a b quark, a W boson and a neutralino . When Am is less than the mass of the W
boson, the stop decays via the 4-body channel (bffN) via b quark, two different fermions
f and a neutralino 3.

In the current three-body decay analysis [87], only one control region (CR) for the
main dileptonic ¢t background was defined. Extended studies from the current analysis
were presented here, developing dedicated control regions and validation regions (VR) for
the other sub-leading backgrounds. The CRs were defined using different kinematic vari-
ables properties, to ensure a small extrapolation to the SR, while keeping the background
purity high. Constraining the background with more than one region helped to identified
variables for getting highly enriched backgrounds samples. This information is also useful
for future analyses. When performing the statistical inference using the statistical and the
systematic uncertainties with the extra defined regions, a significant improvement com-
pared to the current analysis was shown. In particular, in the bWN signal region (SR), a
better agreement between data and the background estimates was obtained. A reduction
of ~ 50% in the background systematic uncertainty, using the background estimate from
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all the regions, was achieved. As no significant excess of data over SM background expec-
tation was observed, the exclusion limits were set. The contour plots showed a gain in the
exclusion mass points, covering more phase space in the 3-body decay diagonal than the
current status, enclosing 50 GeV more in the stop mass and 20 GeV in the neutralino mass.

For the other region studied, the 4-body channel, no signal region in the current
analysis was defined. Instead a Higgsino scenario with a soft lepton was used, which
seemed to have good sensitivity in the bffN region. After fixing the filter efficiency problem
in the Monte Carlo (MC) samples, the cross section was reduced by a factor of three and
the sensitivity in this phase space dropped. With this motivation, preliminary studies for
defining a signal region with a better sensitivity were presented. We tested the simple
kinematic variables used at the beginning to define SR, and extra ones to find better
optimization results. After using an optimization tool to calculate the best significance
(Z) in the SR, an improvement was found. The Z value in the current analysis is ~0.83,
and in the optimal region found in this studies the Z value increases to ~2.41, with the
same mass point (m(ty, Y3)=(350,300) GeV). A better significance was found for a mass
point with a mass difference closer to the mass of the W boson (m(t1, ¥9)=(350,270)
GeV) with Z ~3.29. After the results, we can conclude that defining a bffN signal region
with sufficient statistics is possible. With lower Am we have seen issues that need to
be further studied. More sensitivity studies are required, targeting other possible regions
(like b-veto), in order to find the most optimal result. Further work testing possible
discriminating kinematic variables used in other analyses is needed.
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