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Abstract

We present an experimental search of supersymmetry (SUSY) in compressed mass spectra
scenarios with scalar taus (7’s), using data from proton-proton (pp) collisions in the Large
Hadron Collider, LHC, at CERN laboratory, at 1/s = 13 TeV, collected by the CMS experiment
in 2016 and 2017. Compressed mass spectra scenarios, where the mass difference between the
lightest neutralino (y9) and the 7 is small, have been proposed in several models in order
to incorporate coannihilation as a mechanism to obtain a relic dark matter density consistent
with that predicted by astronomy. The compressed mass region in SUSY is challenging to probe
experimentally. We focus on a final state containing exactly one tau lepton, with low transverse
momentum (pr), that has decayed hadronically (73), at least one initial state radiation jet (ISR)
with high pr, and a large imbalance of missing transverse momentum (p***). An integrated
luminosity of 77.2 fb~! of pp data was used for this analysis. The data was found to be in
agreement with respect to the expected background. Therefore, upper limits on the production
cross-section as function of Y7 (¥3) mass were set, excluding masses up to 290 GeV for a mass

splitting of Am(xY,7) = 50 GeV. The limits set on this search, constitute the most stringent

limits today for all 7 related searches.
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Resumen

Presentamos una busqueda experimental de supersimetria (SUSY) en escenarios de
espectros comprimidos de masa con taus escalares (7’s), usando datos de colisiones
protén-protén (pp) en el gran colisionador de hadrones, LHC, del laboratorio CERN, a
Vs = 13 TeV, colectados por el experimento CMS en 2016 y 2017. Los escenarios de espectros
comprimidos de masa, donde la diferencia de masa entre el neutralino més ligero (Y?) y el 7 es
pequena, han sido propuesto por varios modelos con el fin de incorporar coaniquilacién como
mecanismo para obtener una densidad de reliquia de materia oscura consistente con el valor
estimado usando mediciones astronémicas. Es un reto probar la regiéon comprimida de masas
en SUSY experimentalmente. Nos enfocamos en estados finales que contienen exactamente un
leptén tau, con bajo momento transversal (pr), que decae hadronicamente (73,), al menos un
jet de radiacién de estado inicial (ISR) con alto pr y un gran imbalance de momento transverso
faltante (p7***). Una luminosidad integrada de 77.2 fb~! de datos pp fue usada para este
analisis. Los datos concuerdan con los eventos esperados del modelo estandar. Por lo tanto, se
establecen limites superiores en la seccion eficaz de produccién como funcién de la masa del )Zli
(x3), excluyendo masas hasta 290 GeV para una diferencia de masas de Am(x?,7) = 50 GeV.
Los resultados obtenidos de este andlisis, constituyen hoy los limites mas rigurosos para todas

las busquedas relacionadas con 7’s hasta el momento.
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CHAPTER 1

Introduction

- Section 1.1
(Brief overview of the Standard Model

The composition of matter has been one of the hardest and most interesting questions
throughout human thought. Leucippus and Democritus proposed that matter is made of small
particles, which they called atoms, over 2400 years ago. Today, we know that the matter
that composes planets, stars, and human beings, has the exact same basic components and
characteristics. This knowledge is the result of great effort during the last century to understand
the hidden world behind of the atoms. Particle physics started with the discovery of the electron
(e7) in 1897 by J.J. Thomson, who by studying the behavior of cathodic rays with magnetic

fields, inferred that those rays consisted of charged and massive particles [1].

The charge of the electron suggested a positive charged environment to get the neutral
charge of the atom. The frequency of the radiation within of the simplest atom was consistent
with the experimental yield, 2.47x 10> Hz. Nevertheless, the scattering experiments performed
by Rutherford in 1911 showed the positive charge (the proton) had to be in the center of the
atom. Classical theories could not explain the stability of the electron rotating around the
nuclei, considering the expected energy lost due to radiation, neither provided an estimation
of the size of the atom. Niels Bohr in 1914 suggested a new idea about the motion within the
atom by quantizing the angular momentum of the electron. Bohr’s model predicted correctly
the spectrum of the hydrogen atom and it was the first attempt to understand its dynamics

using a non-relativistic semi-classical approach [2].

In 1905, Einstein had introduced a theory to explain the invariance of the speed of light
and its consequences, known as the theory of relativity. The first equation that combined
the quantum effects and the relativistic regime was Dirac’s equation (iy*d, — m) = 0, which
describes the dynamics of electrons. In addition, it seemed to predict particles with exactly
the same mass of the electron but with opposite charge. Moreover, the negative energy values
would be contradictory with the stability of matter. This theoretical aspect was interpreted

by Feynman as a new type of matter called anti-matter. In 1932, Carl Anderson, an American

1
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physicist, discovered the first antiparticle called the positron (e™).

The theory that describes the interactions between the electron and positron is known as
Quantum Electrodynamics (QED), in which the photon (7y) is the mediator of such interaction.
This theory was developed by Feynman and Schwinger in 1940. Nevertheless, the dynamics of
the nucleus remained a puzzle. By trying to understand the behavior of the nucleus, in 1935,
Hideki Yukawa, a Japanese physicist, proposed a new particle called the meson. Later, Carl

Anderson, an American physicist, who led cosmic rays experiments discovered this new particle.

In 1930, Wolfgang Pauli, an Austrian physicist proposed a new particle, which is massless
and electrically neutral. This particle is known today as the neutrino, and its physical properties
solved two physics problems at that moment: The § decay and an angular anomaly in the pion
decay. In the f~ decay, the neutron is converted to a proton plus an electron, the expected
spectrum of the energy of the electron is determined by its kinematics. Nevertheless, the
experimental result showed that the spectrum of the kinetic energy of the electron is continuous,
which was the evidence of the existence of the neutrino. On the other hand, the pion decay
requires an additional particle to suppressed the angular anomaly, which is further evidence of
the existence of the neutrino. In 1956, Clyde Cowan and Frederick Reines, American physicists,
studied inverse 8 decay (7 + p™ — n + et) using nuclear reactors. The result of this research

was the discovery of the neutrino.

In 1947, George Rochester, British physicist discovered a new neutral particle known as the
kaon (K), which decays into two pions (K® — 7 +7~) and charged kaons that can decay into
three pions (Kt — 7" + 7~ + «"). The later discovery of several new particles throughout
1950s and 1960s, known as the Particles Zoo age, led to theoretical physicists to think in a more
fundamental structure of the known particles. In 1964, Murray Gell-Mann and George Zweig,
American physicists, proposed that the non-fundamental particles discovered in colliders such
as: K’s and 7’s could have an internal structure. The model that describes the structure of
these particles is known as the quark-model. A quark (¢) is a fundamental particle with spin
1/2, fractional electric charge, and a new quantum property known as color charge. Different
combinations of quarks can generate the spectrum of observed non-fundamental particles such
as the pion (¢q). The discovery of the color charge allows the existence of bound states with

three quarks, which is predicted by the quark-model such as the proton and the Q= (qqq) [1].

In 1970, deep inelastic scattering experiments carried out at the SLAC laboratory, allowed
to classify the known particles into generations [3]. These generations were defined by three

type of quarks: up (u), down (d), and strange (s). In 1974, the discovery of the J/i(cc) particle
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was explained for a new type of quark: charm (c). In the subsequent years, a third generation
of quarks was discovered. In 1977, the particle T(bb) was observed, which was explained by
the quark bottom (b). In 1995, the top (t) quark was discovered in pp collisions at the Tevatron
collider, in Fermilab [4]. In 1975, Martin Perl, an American Physicist, discovered the tau (7)
lepton in the SLAC laboratory.

The particles associated with interactions in the SM, which are called bosons: the gluon
related to the strong interaction, the Z and W related to the electroweak interaction, and the
Higgs boson associated with the mechanism to generate the mass in the SM, were discovered
in the subsequent years. In 1970, the gluon was discovered by the DESY collaboration [5]. In
1983, the Z and W were discovered at CERN laboratory [6]. Finally, the Higgs boson was
discovered at CERN laboratory in 2012 [7].

1.1.1 Description of the Standard Model

The historical context of particle physics, that is led by the development of theoretical
ideas and the experimental evidence, can be summarized in a global benchmark known as
the Standard Model (SM). This model has been built upon both theoretical predictions and
experimental observations. In the SM, the matter is formed by fundamental particles known as
fermions, which are half-integer-spin objects that satisfy Pauli’s exclusion principle. The SM
includes three of the four fundamental known interactions: electromagnetic, weak and strong.
These interactions are mediated by particles classified to as gauge bosons, which are integer-spin

objects that satisfy the Bose-Einstein statistics principle.

In the SM, fermions are divided into two different categories: leptons (e, u, 7) and quarks
(u, d, ¢, s, b, t). Among leptons, we find the electron (e), the muon (x) and the tau (7). These
three different types of leptons are characterized by having the same electric charge, all equal
to the fundamental charge of the electron, but each with a different mass. Each of these leptons
has an associated particle known as the neutrino, which does not carry an electric charge (v., v,

v;). Neutrinos are exotic particles whose properties are still under study.

Quarks are particles which carry two different types of charge: electric and color charge. All
quarks have an electric charge that is a fraction of the electron charge, || or |2] of ||, depending
on the quark. Just as the electric charge is an intrinsic property of some particles, similarly,
color charge is a quantum property that has been observed only in quarks so far. In the SM,

leptons and quarks are divided into three different generations (families) organized according
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Table 1.1: Basic properties of quarks and leptons in the SM; rgb means red-green-blue color

interactions.

Particle Symbol Spin Charge (¢7) Color charge Mass [MeV/c?]
First Generation

up u 1/2 +2 rgh 2.3%0¢

down d 1/2 —2 rgh 4.8703

electron e 1/2 -1 0 0.511

electron neutrino Ve 1/2 0 0 <1075
Second Generation

charm c 1/2 +2 rgh 1275+ 2.5

strange s 1/2 —3 rgh 95 +5

muon W 1/2 -1 0 105.7

muon neutrino Yy 1/2 0 0 <107°
Third Generation

top t 1/2 +2 rghb 173211 + 510

botton 1/2 -3 rgh 4660 £ 30

tau T 1/2 -1 0 1777

tau neutrino vy 1/2 0 0 <107°

to their mass. The first family is the lightest and the third family the heaviest. As mentioned

above, in the SM the interactions among particles are mediated by gauge bosons. The photon,

7, is the mediator of the electromagnetic interaction, the W= and Z° are the mediators for

charged and neutral weak processes respectively, and the gluon, g, is the mediator of the strong

interaction. Furthermore, in the SM, particles acquire mass through their interaction with the

so-called Higgs field, which is mediated by the Higgs boson. The basic characteristics of the

fundamental SM particles [8] are summarized in Tables [1.1] and [1.2].

Table 1.2: Basic properties of bosons in the SM.

Particle | Symbol Spin Charge (e~) Color charge Mass [GeV/c?]
gluon g 1 0 8 colors 0
photon v 1 0 0 0

Z 7z 1 0 0 80.385 £ 0.015
W W 1 +1 0 91.187 £ 0.002
Higgs H° 0 0 0 125.3 4 0.4

Mesons and baryons are generally referred to as hadrons, which are particles composed by

quarks. For example, protons are baryons composed of two up quarks and a down quark, while

+

neutrons are formed by two down quarks and one up quark. Similarly, pions (7%, 7°) are mesons

that can have a positive, negative or neutral electric charge. Pions are composed of a ud pair
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(7%), du (7~), and @ or dd in the case of the 7. Another important set of mesons are the
kaons: K+ (u5), K~ (sti) and K° (d3/sd). Kaons have an important role in our understanding
of the charge (C) and parity (P) violation [9,10]. Some basic properties of protons, neutrons,

pions and kaons, are summarized in Table [1.3].

Table 1.3: Basic properties of the some composed particles in the SM.

Particle [ Symbol Spin number Charge (¢) Mass [MeV/c?]
Proton pt 1/2 1 938.272013(23)
Neutron n? 1/2 0 939.565560(81)
Pion mt 1 +1 139.57018(35)

Kaon K* 0 +1 493.667 £ 0.013

1.1.2 Symmetry in the Standard Model

The concept of symmetry is commonly used in physics in order to explain various laws of
nature that rely upon the invariance of conserved quantities, such as energy, electric charge
or momentum. The basic premise is that fundamental laws of nature must remain invariant
under coordinate transformations, rotations or changes from one inertial frame to another.
In particle physics, particles are described in terms of fields. A field can be understood as
a mathematical representation of a physical quantity that has a defined value in each point
in time and space. Therefore, each particle will have a unique associated field with specific

transformation properties. There are four symmetries considered in the SM [11, 12]:

e Local: transformations that depend on every point of the space-time.
e Global: transformations that do not depend on the specific point of the space-time.
e Space-time: transformations of the space-time coordinates that describe the fields.

e [nternal: transformations of the fields.

Mathematically, these symmetries can be represented through groups. Groups are a set of
mathematical elements that satisfy certain algebraic rules [13]. One of the simplest symmetry
group is the unitary group, U(1), which represents rotational symmetry of a circle. For example,
let us define a field ¢ that undergoes a phase transformation of the form ¢ — ¢ = e?¢, where
0 is constant, which belongs to the U(1) group. Under this simple transformation, the value

of the physical observables of the ¢ field remains unchanged. Similarly, the SU(2), referred to
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as a special unitary group of order two, represents rotations in two dimensions. In the SM,
the electromagnetic interaction is represented by the group U(1), while, the weak interaction is
represented by the SU(2) group, and the strong interaction is represented by the SU(3) group.
It is important to mention that the order of the group is related to the order of the matrix
representing the group. For example, the SU(2) group is represented by a 2 x 2 matrix and
the SU(3) by a 3 x 3 matrix. Furthermore, a S(n) group has n* — 1 number of carriers of the
interaction; three in the case of the weak interaction (W+, W=, Z%) and eight in the case of

the strong interaction (gluons) [1].

In general, the n x n matrices associated with the SU(n) groups do not commute. These
groups are called non-abelian groups. Hence, the SM is a non-abelian theory in which there
are three interactions protected by the symmetry of the global group generated by the product

among them:

SUB)e®@SU2), @ U(1)y, (1.1)

where the subscript C' represents the color charge, the subscript L entitles a distinction
between particles with left and right chirality in electroweak interactions, and Y is the
hyper-charge, which associates the electric charge and the isospin number, Y = 2(Q — 1) [8]. In
particle physics, chirality denotes the relation between the direction of the spin of the particle
and its momentum vector. States with right-handed chirality represent a projection of the spin
vector of the particle along the same direction as its momentum vector and left-handed states
correspond to anti-parallel directions. In the SM, neutrinos resulting from the electroweak
process have only been measured with left-handed chirality, implying a violation of parity
symmetry. In order to incorporate this experimental fact, which could change if right-handed
neutrinos are observed, the left-handed and right-handed states are described differently in the
SM, using doublets for left-handed states and singlets for right-handed states. Similarly, quarks
are organized as up-type and down-type quarks. Therefore, in the SM, particles are associated

in the following way:

U. .
QL = ( Djj ) . Ljp= ( 2] ) . Ujr, Djr, g, (1.2)
L L

where U; = (u,c,t), Dj = (d,s,b), l; = (e, p, 7) and v; = (ve, v, v;). Hence, the chirality is
a relevant quantity in the description of fields. Chiral states are defined through the following

projection operator [14]:
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1
Pt = 5(1£) (1.3)

1.1.3 Feynman diagrams

Feynman diagrams are pictorial representations of interactions among particles or their
radiative decays. In fact, the diagrams contain deep physical meaning, as each part is directly
related to a mathematical expression that characterizes an interaction or decay. As an example,
Figure [1.1] presents the Feynman diagram for an electroweak process in which a top quark
decays into a b quark through the emission of a W™ boson, which subsequently decays into a
pt and a v,. In this diagram, the solid straight lines represent initial or final state particles,
while the curved line represents the gauge boson mediating the process. The points at which
the straight and curved lines converge, are referred to as vertices, and imply that the associated

particles are interacting; indeed, they are coupled [1,11].

W+
,LL+

Figure 1.1: The top (t) decay is mediated by charged currents of the weak interaction (W),
t — b+ p+ v, This Feynman diagram describes the decay at tree level approximation.

1.1.4 The Higgs mechanism

As mentioned before, particles acquire mass through the Higgs mechanism in the SM [15].
The Higgs mechanism postulates the existence of a field that permeates space-time through
which particles move and acquire mass. In addition, the mass of a particle depends on the level
of interaction with the Higgs field. In 2012, the CMS and ATLAS collaborations reported the
detection of a new boson with compatible characteristics of the hypothetical Higgs field [16,17].
This elusive boson is referred to as the Higgs boson. The ground state of the Higgs field is not

symmetric, which explains why the photon is massless but, the W+ and Z? have large masses
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of 80.385 GeV and 91.876 GeV, respectively.

The Lagrangian of the Higgs field has two terms, the first is the kinetic term and the other

two represent the self-interaction potential, as shown in Equation (1.4):

Ly = (Dud)'(D"9) — 1(¢'¢) — A(0'0)%, (1.4)

where the Higgs field ¢ is a complex potential defined in terms of two scalars fields in a doublet

and the covariant derivative is given by:

1 e1(z) - ‘
T)=— D, =10, —igT;\W! 1.5

¢( ) \/§ ( g02(:[,) 12 123 g 17 ( )
The T; = 7;/2 are the Pauli’'s matrices of the Lie algebra SU(2) described by Equation (1.6).
As a reminder, the Lie algebra defines the possible operations among the elements inside the
electroweak group and their derivatives. The computation rules of this algebra allow us to
construct a gauge-invariant Lagrangian, which requires a re-definition of the standard derivative

operator.

EQ]:‘z‘jkE 1
[2’2 € (1.6)

W is similar to the free electromagnetic field tensor (F),, ), but it has a more general meaning.
This term represents a gauge triple, explicitly, the super-script ¢ = 1,2,3 is associated with
the electroweak force carriers (W=, Z). The free parameters A and p? in the Higgs potential
are chosen so that ¢ has an expectation value different from zero [18]. This is an important
condition in order to have a spontaneous symmetry breaking, necessary to accommodate weak

force carriers with mass:

2 2

OG0} =5, with =5 (1.7)
In other words, we minimize the Lagrangian in order to find the ground state:

2

ty_ K
PP =—7 (1.8)

Using the components of the Higgs doublet from Equation (1.5), we calculate ¢*¢ as follows:

o'o = o7 + ¥ (1.9)
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To illustrate the shape of the potential we use the abelian Higgs field [11], which has two
components, one scalar and other imaginary. Figure [1.2] shows the Higgs potential with 4 > 0
and A > 0. Nevertheless, with these choices for ;1 and X it is not possible to obtain a massless

~, massive W* and Z° particles, as measured experimentally.

Abelian higgs potential

Figure 1.2: The abelian Higgs potential described by: p? > 0 and A > 0.

The case where p? < 0 is shown in Figure [1.3], where the potential has two stable minimum

values (+1?). Using Equation (1.9) we get.

wzzu,wlz()—w:%(S) (1.10)

Abelian higgs potential

Figure 1.3: The abelian Higgs potential described by: u? < 0 and A > 0.

A specific direction implies breaking of the original symmetry of the field. Nevertheless, if we

use the covariant derivative to preserve the invariance under SU(2);, ® U(1)y, it is possible to
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introduce three massive gauge bosons and a massless boson (Goldstone boson) [18], that is the
W+, W=,Z% and v. We will describe how the Higgs mechanism operates using the covariant
derivative definition, to guarantee that the SM Lagrangian is invariant under transformations
in the symmetry group. Applying this derivative, some extra terms naturally appear in the

Lagrangian, the mass of the W boson can be calculated following the Equation (1.11):

O (—ighW ) (—igT, W) (1.11)

Note that,

w o 3
V2 W
w3 Lw-
- ( 2, fVVVV> (112)
V2t T2

Wh= -+~ W =WhH"=-‘t—~=« (1.13)

v
= mAWIW 4 98 (W3)? (1.14)
where the term m,, = % represents the mass of the W particle and the second term is related
to the contribution to the potential of the third component of the W. The Higgs mechanism
was quite interesting among the scientific community because of it accurately predicted the

masses of the W* and Z° bosons before they were experimentally measured in 1983 [1,6].
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Figure [1.4] (left) shows the confidence level of the SM Higgs hypothesis as a function of
the reconstructed Higgs mass in the H — ~~ final state, performed by the CMS experiment
using 10.4 fb=! of data from pp collisions in 2012 [16]. The observed values are described by
the solid black lines. The dashed line shows the expected background-only hypothesis. In the
right side of the Figure [1.4] the excess in the observed events around 125 GeV is presented.

1%
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I B R e o B M e A
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e is e .
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Figure 1.4: The confidence level of the SM Higg hypothesis (o/0g)s) as a function of the Higgs
mass (left). The invariant mass distribution of the di-photon (v7) system (right).

- Section 1.2
(Problems of the Standard Model

Although the SM has been very successful, there are several open questions that it can
not explain. For example, the observation of neutrino oscillations implies that they have mass,
while the SM predicts these particles are massless. [19]. John Bahcall, an American physicist,
calculated the nuclear reactions within the solar nucleus and their relation with neutrinos.
Detecting neutrinos is quite difficult, however, the experiments performed by Ray Davis showed
that only 34%, of the total expected rate, of neutrinos from the sun, are detected on earth [20];
it was referred to as the problem of the solar neutrinos. Afterwards, the Kamiokande [21]
experiment observed that only 60% of atmospheric neutrinos reached the detector, which was

known as the problem of the atmospheric neutrinos [18,19].

Because neutrinos have mass, then a neutrino of a given family (flavor) can spread and turn
into a neutrino of another family. This phenomenon is called neutrino oscillation, which explains
the inconsistency with the experimental results. In fact, the deficiency in the observation of

solar neutrinos produced in the sun is due to the transformation of electron-neutrinos (v,)
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into muon-neutrinos (v,) and tau-neutrinos (v,), which are not detected by the experiments

designed to measure v, events.

The concept of neutrino mixing belongs to gauge theories with massive particles. The
simplest form of this theory is expressed as a unitary transformation that relates the flavor and

mass eigenbasis:

Vo) = ZU;”’VJ
i) = > Udilva), (1.15)

where U,; represents the Pontecorvo-Maki-Nakagawa-Sakata matrix, which is not the identity

to obtain mixing between the flavor states [22]:

0

C12C13 512C13 S13€
_ 0 0
U= —8512C23 — C12523513€ C12C23 — 512523513€ 523C13 (1.16)
1) 1)
$12823 — C12C23513€" —C12523 — S12C23513€" C23C13

The propagation of the mass eigenstates can be described as plane waves,

(D)) = e EE (o)) (1.17)

In the ultra relativistic limit |p;| = p; >> m; we approximate the energy, using natural units

as:

m?2 m2
E, = /p? 2, !~ F : 1.18
\/ D7 +mi A +2p¢ +op (1.18)

Including L =~ t the wave functions become:

[vi(L)) = e ™2 1 (0)), (1.19)

where L represents the distance that the neutrino travels to oscillate and transform back to
its original flavor again. This distance (time) is referred to as the time of phases. Finally, the

probability that a neutrino of flavor a turns into a flavor g is given by:
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2

Passs = [(Olvslva(t)])® = ’Z U;iUBie—ime/w

AmZ; L

= Gag — 4 Y Re(UyUpUasUp;)sin®( =)

i>j

o AmZL
- 25 Im(U,Us:Ua;U5;) sin( QEJ ) (1.20)
i>j

2

where Amfj =m; — m? contributes to the oscillation process [23].

Another known issue with the SM is the so-called hierarchy problem. The quantum
corrections of the mass of the Higgs boson to the bare theoretical mass is needed to match
the experimental value (my = 125 GeV) [16]. In fact, the coupling of the Higgs field with a
fermion gives a Yukawa term Lyurqwa = —A f@H 1, where 1 represents a Dirac field and a H
symbolizes the Higgs field. In SM, the mass of a fermion is proportional to the Yukawa coupling
and therefore to the Higgs field. This correction is given by [24]:

2
A, = — 22 1.21
mH__Sﬂ_Q[ ov T+, (1.21)
- Dark Matter
- Dark Energy
I:I Intergalactic Gas
(68,4 % - Start, Planets, etc

(27.0 %)
(4.2 %) (0.4 %)

Figure 1.5: The composition of the universe is mostly Dark Matter and Dark Energy, the
barionic matter is less than 5%.

where Ayy represents the SM energy scale. If we extend the scale to grand unified energy
the mass of the Higgs boson become a divergent value. Nevertheless in SUSY scenarios, by

matching each quark and lepton of the SM with a constant coupling given by As = |A¢[* [24],
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the factor Ayy as well as the divergence of the Higgs mass vanish.

In addition, the SM does not provide an explanation for dark matter (DM) and dark energy
(DE). Although neither DM nor DE have been experimentally measured, indirect cosmological
observations suggest their existence [25]. For example, the disagreement between the expected
and measured rotational velocity of galaxies, or cosmological phenomena such as the bullet
cluster observations [26], point the scientific community towards postulating a new type of
matter which is dense, stable, electrically neutral and that only interacts gravitationally referred
to as DM. Similarly, the accelerated expansion of the universe leads us to think there is a
sort for negative pressure responsible for this behavior, DE [27]. Extensions of the SM such
as supersymmetry (SUSY), provide an explanation for DM and naturally provide a particle
candidate to DM, commonly referred to as the Lightest Supersymmetric Particle (LSP). Both
DM and DE are currently being broadly explored experimentally and theoretically. Figure [1.5]

shows a pie chart that illustrates the current belief of the energy composition of our universe [28].

The organization of this work is described as follows. Chapter 2 shows the theoretical
aspects of the SUSY as an extension of the SM. The CMS detector is described in Chapter 3,
the reconstruction of particles is presented in Chapter 4 and the state of art (Latest electroweak
SUSY searches) is mentioned in Chapter 5. The phenomenological study is explained in
Chapter 6, and the experimental analysis is presented in Chapter 7. Finally, we present the

conclusions of this dissertation in Chapter 8.



CHAPTER 2

Physics beyond the Standard Model

New phenomena, interactions and fields beyond the SM are suggested ideas by theoretical
arguments as well as experimental evidence. There are many extensions of the SM, such as
models based on SUSY, string theories [29] or extra dimensions [30]. Nevertheless, the correct
theory must resolve the issues of the SM mentioned in the previous chapter. This document
presents a search for physics beyond SM using the data collected by the CMS detector in 2016
and 2017 (L = 77.2 fb™'), and a minimum SUSY model as a benchmark scenario. We will
start introducing some general concepts which are important to understand the main result

presented in this document.

(_

Supersymmetry

2.1.1 General aspects

In Quantum Mechanics, constructing bosonic states from fermionic states is feasible; for

example, when two electrons interact in a closed quantum system by being coupled through

1

their spin states. By adding the individual angular momentum states, two fermions of spin 3

lead to a total angular momentum of spin 1 (i.e., for m = 0) [31].

1 1 1 1 1 11
- ®=-— 1,00 =—||z,—= - = 2.1
However, there is an apparent asymmetry in Quantum Mechanics due to it is not possible
to construct a fermionic state from bosonic states. Understanding why the matter is composed

of fermionic fields, whereas interactions among particles are mediated exclusively by bosonic

fields is an interesting question.

SUSY is a hypothetical symmetry of space-time that restores the relationship between
bosons and fermions. Essentially, the SM is modified by including new bosonic fields associated

with matter, and fermionic fields associated with interactions to the spectrum of particles.

15
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Within this theory, the symmetry is related to the Poincaré group as well as the gauge symmetry
of the SM [12]. Internal symmetries correspond to transformations only acting on the fields, such
as electric and colour invariance. These do not transform the spacetime points. Furthermore,
the Poincaré group is Lorentz transformation plus spacetime translations. For this group, the

transformations can be written as:

ozt = €+ W
1
(hpa(x) §6Wlw([;w)abwb<x)a (22)

where € is an infinitesimal constant four-vector of the space-time translation, W* is an
infinitesimal constant tensor that protects the gauge invariance of the z*, and I, corresponds
to the infinitesimal Lorentz group generators. The Poincaré group leads to the following ten

invariant quantities [32]:

E, P(Pas Dy, P2), f(lm, Ly, 1), 5(8s, Sy, S2) (2.3)

According to the spin-statistical theorem bosons and fermions obey different statistical

rules. Overall, bosons follow rules of commutation and fermions follow rules of

anti-commutation. A more general algebra named Lie Super Algebra describes the whole set.

By taking a and b as two different sets of variables, where the elements in a commute following

the Lie algebra G, and the elements in b anti-commute following the Lie algebra G, the Super
Algebra is defined by the direct sum between them [33]:

G, ® G, (2.4)
This new algebra fully satisfies:
[a,b] = —(=1)*[b,q]
[a,[b,c]] = [la,b],c] + (=1)*"[b,[a, ] (2.5)

The oy 8 values can be zero (0) for commutative algebras and one (1) for anti-commutative

algebras. Essentially, to construct fermionic states from bosonic states and vice-versa we have

~

an operator (()) that satisfies the algebra mentioned above.

Qlf ><|b>,  Qb>ux|f > (2.6)

The commutators describe the algebra and the four-momentum (P,) [32,34].
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{Qaa QB} =0, [Qaa PM} =0, {QAOHQTﬁ} = QUgﬂPM (2'7)

where o5 are the Pauli’s matrices. Note that, PMP“QU) >= mj|f > and through the algebra
described by Equation (2.7) we get [34]:

P,P*Q|b >= QP,P"|b >= QmZ|b >= m2|f >, (2.8)

Fermions and bosons should have the same mass. Therefore, SUSY would be a broken symmetry

as a result of the non-observation of these particles.

2.1.2 Minimal supersymmetric standard model

The Minimal Supersymmetric Standard Model (MSSM) is a SUSY model that describes the
minimum number of particles that should be included in the SM to keep the phenomenological
consistency with the known experimental yields. Howard Georgi and Savas Dimopoulus
proposed this model in 1981 [34,35]. The named super-partners (of the SM particles) are
a new set of particles illustrated in Figure [2.1].

u ' c  t vy u c~: ‘ 7;
d's b g @ dls (b z @
e W T Z BosondeHiggs ; ;L :1:' z Higgsino
v, v, Vo W 1;6 v; VNT w
Quarks Leptones = Bosones Squarks Sleptones  Gauginos

Figure 2.1: Set of known particles in the SM (left) and the hypothetical particle spectrum in
MSSM (right).

The super-partners are named as follows: for fermions, the letter s is added in front of
the name to rename them. The super-partner associated with the t is referred to as the stop,
as well as the counterpart of the e~, which is called selectron. For bosons, the name of the

super-partner particle is identified by adding the termination 2no to the last part of the name.
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The 4 and g correspond with photino and gluiono, respectively.

Furthermore, another Higgs doublet is required by MSSM to generate mass for both up-type
and down-type quarks [36]. As a result, five Higgs bosons, three neutral (h°, H°, A%), and two
electrically charged (H*) are obtained. This produces the Higgs boson super-partners called
the higgsinos: ﬁg, Flj , ﬁg and H 4 - The masses of the higgsinos are free parameters within
the theory and thereby, they do not have a specific range or boundary to constrain them. Since
the Higgs causes the breaking of the electroweak symmetry, the mixing matrix generates four
neutral gauginos: two higgsinos, the wino W? and the bino B. The W3 is the super-partner of

the W3 gauge boson and the B is the super-partner of the B gauge boson [24, 35].

Another interesting feature of MSSM is related to the spectrum of the particles. The
observable states such as the chargino (Y; with i = 1,2) and the neutralino (X9 with j =
0,1,2,3) are produced by the mixing of gauginos and Higgsinos. The mixing matrix associated

with the charginos is [37]:

Mg ( M, V2 sin > (2.9)

V2myy cos o

In this matrix, M, is the gaugino mass parameter, u is the Higgsino mass and [ is related to
a ratio of the expectation value of the Higgs field for up-type and down-type quarks. In addition,

by normalizing this matrix using U and V' unitary matrices, we can obtain the eigen-mass states.

UMV = dmg(mﬁ,mﬁ), Mgk < Mg (2.10)

Mgk ok = [MQQ + 2 +2miy T \/(M22 — u2)? + dmi cos?(26) + dm3, (M3 + p? + 2M2usm(26))}

Theses mass states are called Dirac fermions (a particle that is not its own
anti-particle) [38]. On the other hand, the mixing matrix in terms of the higgsinos (H?, HY)
and gauge bosons (B’ ,W3) associated to the neutralinos is [37,39]:

My 0 —mycosfBsinfy  mysin §sin Oy
_ 0 Moy myz cos fcosBy  —mysin B cos Oy
My = —mycosfBsinfy  my cos [ cos Oy 0 — i (2.11)

mysin Ssinfy  —mysin 8 cos Oy I 0
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In the previous formula, the gaugino masses are represented by M;, M, the Higgsino mass
is p, tan f = vy /v1 which is related to vacuum expectation values of the two neutral Higgs, and
Ow is the conventional electroweak mixing angle. To diagonalize the neutralinos mixing matrix

a unitary matrix N is needed [37,40]. Therefore, the eigen-mass states are:

N*MyNT = diag(mgo, myg, Mgy, Mso), (mgo < mgg < mge < mgo). (2.12)

These mass states are called Majorana fermions (meaning the particle is its own
anti-particle). The explicit values of the mass eigen-states for the neutralinos can be found
in [38].

2.1.3 Lagrangian of the MSSM

We approach the main ideas behind of the supersymmetric Lagrangian density of the MSSM
since this research is supported by this theoretical framework [41]. On one side, in conventional
particle Physics the fields are based upon the ordinary Minkowski space (z,), instead, in SUSY

the fields are defined on a new Superspace (x,, 04, 0,).

Space — Superspace

T, Ty Oy O (2.13)

In this formula, §% and 6, are spinors (i.e, Grassman variables [42]) of two constant complex

components. These variables satisfy the following anti-commutation rules:

{0,,05} = 0
{00} = 0,
02 = 0

0

0> = 0, a,B,a,8=1,2. (2.14)

By expanding any analytic function in 0, we get:

FO) =" fub* = fo+ f16 +@§+... = fo+ fi0 (2.15)
k=0

0

The most general function is linear. There are other interesting properties if we define
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[w? om0 [0 216

l/%%zlz#&@zg (2.17)
Therefore, the integral over f(6) is identical to its derivative.

/wﬂm:/w%+ﬁ@:ﬁ:%? (2.18)

Using the properties of the Grassman algebra, we can construct the most general scalar
super-field [42].

S(2,,0,05) = o(x) +0v(x) + Ox(z) + 00M (x) + 00N (z)
+ (00"0)V,(z) + (00)0X(z) + (60)0p(z) + (60)(60)D(x) (2.19)

Since the symmetries of the MSSM are inherited from the SM given by Equation (1.1),
the super-fields will have transformation properties associated with such symmetries and other
properties of the MSSM model itself. Therefore, the MSSM particle content commonly found
is given by [42]:

e Five left-handed chiral super-fields (spinors), @y, @., ®,, @, @4, of each generation.
e Three gauge super-fields. V¢, V., V2 for gauge bosons.

e Two left-handed chiral super-fields ®p,, 5, for the Higgs field.

The chiral super-fields are either SU(2)., doublets (®,,) described by Equation (2.20) or
singlets (®e,,.q) described by Equation (2.21).

) (Fen ) 220

(dr) (2.21)
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The asymmetry of the electroweak interactions leads to the following property of the

covariant derivative [42]:
a
DL = —(8—9— + Z@a“@M)CD = 0, (222)

On the other hand, the gauge super-field V* is a triplet given by Equation (2.23), V' is a
singlet and V. is a SU(3). octet in Equation (2.24).

Wy
Ve — A? , (2.23)
Da
V = B,, V= (g, 9% D). (2.24)

The doublets associated with the Higgs sector are defined in Equation (2.25).

HY H

After checking the concept of the super-field, we can introduce the Lagrangian of the MSSM.
This Lagrangian must contain terms corresponding to kinetic field terms, gauge field terms,
interaction terms (Yukawa), and Higgs terms associated with the breaking mechanism. The

gauge field and Yukawa Lagrangians are given by [41]:

1 9 o o7 -
Léauge = Zzl(/d 0T (W Wa)/d aTr (W Wa)>
+ Z /d29/d2§@1693‘73+92‘72+91‘71q)i (2.26)

Matter

LYukawa - /d2‘9(WR + WNR) + h.c. (227)

W, has the analog meaning to the electromagnetic stress tensor (F),,).

11—
W, = _ZDQeVDae*V (2.28)



22 Chapter 2. Physics beyond the Standard Model

2.1.4 R-parity

In SUSY, some models require the conservation of a quantity to preserve the initial leptonic
(L) and baryonic (B) numbers involved in supersymmetric decays. This quantity is referred to
as R-parity [35,41]:

Pg = (—1)3B-1)+28 (2.29)

For instance, quarks have B = % and L = 0, and leptons have B = 0 and L = 1. Therefore,
SM particles have Pg = 1 and SUSY particles have P = —1. In scenarios where R-parity is a
conserved quantity, we get the following features:

e There are not composed states between SM and SUSY particles.

e SUSY particles are produced in pairs and as a consequence, the LSP must be stable. In
the MSSM, the LSP can be either neutralino (y?) or the gravitino (§) [41] depending on
the parametrization. These hypothetical particles could explain DM.

e The super-partners must decay into an odd number of ¢, which would explain the large

amount of DM we observe in the universe.

Some theoretical motivations

(_

SUSY is a feasible proposal to explain the issues of SM. T'wo of the most interesting features
of this model is that it is a Grand Unified Theory (GUT) and that it provides a solution to
the hierarchy problem. The GUT establishes that at some energy scale, the three interaction
couplings achieve the same value. Nevertheless, in SM the coupling constant of the strong and
weak interactions decreases, while the electromagnetic force increases with the energy, so there
is not a unique point anywhere. In contrast to the SM, the MSSM provides a unification scheme

to an energy scale of 1.5 x 10'® GeV, as shown in Figure [2.2] taken from [43].

Moreover, SUSY gives a solution to the Hierarchy problem. The quadratic divergences
that appear across the radiative loop corrections are systematically cancelled out by the
super-partners associated with each particle. Roughly speaking, the loops coming from bosons
are cancelled out by the (-1) fermion contribution due to the Fermi-Dirac statistics. The

corrections of the Higgs mass due to boson contribution is given by [31]:
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Figure 2.2: Evolution of the coupling constants as a function of the energy. Note that, the
MSSM naturally provides a GUT scheme.

A 1
/\/ d%m, (2.30)

Since the SM is a renormalizable theory, the value of the mass depends on the energy scale
constrained by A. Nevertheless, this value is indeterminate when A — oo. Instead, SUSY

generates a further correction throughout the fermion loop [43].

A
1
~¢ [ dkgdlen —gngls (2.31)
By combining these results we get:

(A =g )A%01o (2.32)

If for each boson there is a fermion partner, such that, A = g2, there is not more divergences

for the mass correction.
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CHAPTER 3

Experimental setup

As was mentioned before, the main focus of this thesis is to perform an experimental search
for SUSY, in a compressed mass spectra scenarios with 7’s, motivated by a phenomenological
study previously performed. This chapter describes some of the main aspects of the LHC and
the CMS detector.

(_

The Large Hadron Collider (LHC)

Figure 3.1: Sketch of the LHC underground tunnel. The main experiments are: CMS, ATLAS,
ALICE and LHCb.

The Large Hadron Collider is a particle accelerator built at the European Center for Nuclear
Research (CERN), located on the border between France and Switzerland. Figure [3.1] shows a
sketch of the LHC, including the four main experiments [44]: CMS (Compact Muon Solenoid),
ATLAS (A Toroidal LHC Apparatus), ALICE (A Large Ion Collider Experiment) and LHCb
(Large Hadron Collider beauty) . The accelerator collides bunches of protons for ten months

and heavy ions, led-led collisions, for one month per year. The proton collisions have aimed to

T All pictures of the CMS experiment respect the CERN policy copyrights: https://copyright.web.cern.ch/
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further test physics beyond SM (BSM). Meanwhile, the heavy ions experiments are aimed to
study the dynamics of quarks and gluons at high energies. The LHC is inside an underground
tunnel from 100 m up to 150 m deep, and it has a perimeter of around 27 km. Moreover, this
machine has 1232 superconducting dipole magnets to guide the beam through the ring and
quadrupole magnets to focus the bunches. Using liquid helium, the magnets are cooled down

to temperatures of 2.0 K to maintain the superconducting state [45].

The protons are accelerated by a set of linear and circular accelerators, where their speed is
increased progressively. The protons are clustered in bunches, spaced in gaps of 25 ns. Initially,
in a linear accelerator called LINAC2, the bunches are driven until they reach an energy of
50 MeV. Then, the acceleration process continues in the Proton Synchrotron Booster (PSB),
where the particles reach an energy of 1.4 GeV. After passing by the PSB, the bunches are
injected to the Proton Synchrotron (PS) accelerator, where the energy is increased up to 25
GeV. The bunches are then passed to the Super Proton Synchrotron (SPS) where their energy
increased up to 450 GeV. Finally, the bunches are transferred to the LHC where they reach
their maximum energy of 6.5 TeV per beam before they collide [46]. Figure [3.2] illustrates the
acceleration chain at the LHC [44].

CMs

" North Area
¢ 5

ALICE LHC-b

Towards
Gran Sasso

AD

ISOLDE East Area

LiNaC 3 b

AD  Antiproton Decelerator

PS  Proton Synchrotron N-TOF Neutron Time Of Flight

B protons antiprotons SPS  Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso
ions »- electrons LHC  Large Hadron Collider CTF3 CLIC TestFacility 3
neutrons = neutrinos

Figure 3.2: Sketch of the acceleration chain in the LHC.

So far, the experiment has had two main running periods: Run-I and Run-II. Those periods
are divided from 2010 up to 2012, and from 2015 up to 2018. The properties associated with
the accelerator, such as: luminosity, bunch crossing, bunch energy, pile-up and so on, have
been changing during the years. Table [3.1] shows some features of the performance of the LHC
throughout Run-I and Run-II [47].
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Table 3.1: Some parameters associated with the accelerator performance.

Run-I Run-II

2010 | 2011 | 2012 | 2015 | 2018
Beam Energy [TeV] 3.5 3.5 4 6.5 6.5
Proton per Bunch [x10!] 1.0 1.3 [ 15 | 1.1 1.1
Bunches per Beam 368 | 1380 | 1380 | 2244 | 2200
Bunch time spacing [ns] 150 50 50 25 25
Pile-up in CMS 21 14 27
Maximum peak of Luminosity [x10** ecm™2s™'] 0.021 | 0.35 | 0.77 | 0.51 | 1.4
Integrate Luminosity [fo!] 0.048 | 5.5 | 22.8 | 4.2 | 40.82

The integrated luminosity is an important quantifier associated with the amount of
information recorded during the collision. Figure [3.3] describes the behavior of luminosity
per year in the CMS experiment [48]. This huge amount of information (15 petabytes per year)

generated for this collider is stored using a robust grid computing scheme.
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Figure 3.3: Integrated luminosity during stable beams for pp collisions at CMS experiment.

As mentioned before, one of the aims of this experiment was the discovery of the Higgs
boson (finding reported on July 4 2012). Other searches are focused on physics BSM as: SUSY

and other different models. However, there is not any evidence of new physics yet.

- Section 3.2
(The Compact Muon Solenoid (CMS) detector

The CMS detector is one of the two largest detectors at the LHC, with a total weight
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of 12500 tons, a length of 21.6 m and a diameter of 14.6 m. This detector consists of
several sub-detectors. The first set of detectors are used to detect vertices from particles that
decay promptly, near the beam pipe after the collision (Silicon Pixels), and to reconstruct the
curvature of particles with electric charge (Silicon Strips). The two different sets of detectors
are referred to as the tracking system. This system is followed by two calorimeters used to
measure the energy of particles with electromagnetic and hadronic interactions, respectively. A
superconducting solenoid encloses the tracking system and the electromagnetic and hadronic
calorimeters. Outside the solenoid, three different gas-based detectors are used to detect muons.
The muon detectors are alternated with three segments of a steel yoke, used for the return of
the magnetic field. A diagram of the CMS detector is presented in Figure [3.4] taken from [49].

TRACKER
CRYSTAL ECAL

Total weight : 12500 T
Overall diameter : 15.0 m
Overall length 216 m

Magnetic field : 4 Tesla

PRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET

. FORWARD
CALORIMETER

HCAL
MUON CHAMBERS

Figure 3.4: CMS detector diagram. The detector is composed of several sub-detectors used
to measure the position, momentum, and energy of some of the particles resulting from the
collisions.

Particles traversing the detector, resulting from the pp collision, can leave a different kind
of signature depending on their characteristics. Particles that have an electric charge, such as
electrons, muons and charged hadrons, leave a signature in the tracker system and bend in the
presence of the magnetic field. By measuring the radius of curvature and the direction of the
velocity of the particle concerning the magnetic field, the momentum of the particle can be
estimated using the Lorentz Equation (3.1):

dp dE
b _ 1
dt a Y (3:1)

In Equation (3.1), e is the electric charge, ¢ is the velocity of light, ¥ is the velocity of the

e, =
=-UX B,
c

particle, and B is the magnetic field [50].
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Particles such as electrons and photons can deposit a large fraction of their energy in the
electromagnetic calorimeter. Electrons and photons mainly interact with the electromagnetic
calorimeter and generate cascades of particles known as showers. On the other hand, charged
pions have dominantly strong (color) interactions and deposit most of their energy in the
hadronic calorimeter. Because muons are two hundred times heavier than electrons, they
do not bend as much for the same velocity as electrons in the magnetic field. For this
reason, the momentum of muons cannot be measured very precisely in the tracker system.
Additionally, the small change in the direction of the muon acceleration implies very low
bremsstrahlung radiation, which results in a small energy deposition in the electromagnetic
calorimeter. Therefore, three different types of detectors have been built at CMS to measure

kinematic information for muons more accurately.

3.2.1 The CMS coordinate system

CMS wuses a right-handed coordinate system. The Z-axis points in the anticlockwise
direction of the beam, the X-axis points to the center of the LHC ring, and the Y-axis points
towards the LHC plane. A spherical coordinate system is used to describe the position of the
reconstructed particles in the detector. The azimuthal and polar angles are measured as follows:
the polar angle 6 is measured with respect to the Z-axis and the azimuthal angle ¢ is measured

with respect the X — Y plane.

The CMS experiment does not directly use 6 to measure the polar coordinate. Instead, a
coordinate called pseudorapidity (n) is used. To get the expression of the pseudorapidity, we
start with the definition of the rapidity [51]:

1 E+p.c
= _n| =——£= 2

This quantity has a convenient definition: in high relativist regime in a collision event the
p. would be small, and the rapidity would be close to 0. Particles moving parallel to the beam
axis have a y — oo. Therefore, high energetic events, which come from collisions, will be in
the central part of the detector, otherwise, events will be in the Endcaps. Given all mentioned

conditions, the pseudorapidity can be calculated from Equation (3.2).

1 ((p202+m204)1/2+pzc)

Yy = —In (p262 T m2c4)1/2 “p.c (33)

2

In the high relativistic limit, pc >> mc?, the term pc can be taken out of the square root,

the binomial expansion can be used to approximate the rapidity to:
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1 (p(:(l + me )Y/ +pzc)
—in
20 \pe(l+25)12 — p.c

1, (l+BE4mey |
A e (3.4)
) 1 b= m2ct )
= e+

We have p,/p = cos @, where 6 is the mentioned polar angle. Hence:

1+%:1—|—Cos€:1—0—<COSQ§—SID2§):200825, (3.5)
Likewise,
] 0,0 6
1—%21—008921—<COSQ§—SID2§)22811125, (3.6)

Replacing the expressions above in Equation (3.4), we get:

s o

The definition of pseudorapidity (n) is given by Equation (3.7). Note that, y &~ 1 in the high
relativist limit. This variable gives a more uniform distribution of particles across the polar
coordinate than the # angle alone. Another important characteristic of n is that its change
An;; is invariant under Lorentz transformations along the beam axis, while A# is not [51]. A

Lorentz boost parallel to the Z-axis is given by:

y - lln(vE/c—ﬁfypz+'ypz—ﬁ7E/C>

2 \E/c—Byp. —p. + BVE/c

_ lln(E/szv—ﬂv)
2 E/C_pz’Y‘Fﬁﬁy
1 E+ cp, 1-p

- Iny | —=
QTL(E—cpz>+n 1+ 5

1-p

= y+ing | —= 3.8

yHin g (3.8)

Consequently, for two particles that come from a collision with y; and ys measured in a

specific reference frame, their differences transform as:
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I ! 1_ 1_
Y=Y = y1+\/%—(y2+\/%)zyl—y2

Ay, = Aypp,— A77/12 = Ay (3.9)

3.2.2 The superconducting solenoid

The main component of the CMS detector is the superconducting solenoid. This magnet
produces a magnetic field (é ) of 3.8 T, which is around one hundred thousand times bigger than
the earth’s magnetic field (25 to 65 u'T). This solenoid is made of niobium-titanium refrigerated
by liquid Helium down to 2 K. It has 2168 turns, a length of 12.9 m and an inner bore of 5.9
m [52]. To perform precise measurement of the momentum of charged particles with high
velocities a strong magnetic field is important. The most relevant features of the CMS magnet
are shown in Table [3.2].

Table 3.2: Nominal values of the superconducting solenoid.

Features Value
Magnetic Field [ 3.8 T
Inner bore 59 m
Length 12.9
N. of turns 2168
Current 19.5 kA
Stored energy 2.7 GJ

One of the most important challenges was the measurement of the magnetic field. For that
purpose, a cylinder of 3.448 m diameter and 7 m length has been used. The components of B
are done with this pneumatic-mechanical field mapper designed at Fermilab [52]. This machine
has a precision of 5 x 107 at 4.5 T. The measurements of the magnetic field outside of the
solenoid have been quite difficult to perform. The maximum precision achieved is 1072 at 1.4
T by using 91 non-movable and 7 movable sensors [53]. Figure [3.5] taken from [53] shows
the view of the CMS solenoid (left) and the intensity mapping (right) reported by the CMS
collaboration in 2010. Note that, the intensity of the magnetic field is quite uniform in the
Barrel region, but it is complex in the Endcaps. For that reason, the reconstruction efficiency
of muons in the Endcaps region is worse than in the central part of the detector. There have
been great efforts through MVA-tools to improve this issue for run-III, which starts in 2021.
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Figure 3.5: View of the CMS solenoid (left), the magnetic field mapping ]é\ of the
superconducting solenoid at the CMS detector (right).

'3.2.3 The tracker system

The tracker is a system used to provide a precise measurement of the position and electric
charge of charged particles resulting after the collisions. The correct reconstruction of b-quarks
from heavy decay, such as the top quark decay, is of special physical interest for the scientific
community at the LHC. Since heavy particles generally decay near the beam pipe, the tracking
system should be close to the interaction point. The tracking system is composed of the pixel

detector and the silicon strips.

'3.2.4 The pixel detector

The pixel detector is the closest detector to the LHC beam pipe. It has around 66 million
pixels, which are rectangular and their area is 100 x 150 um?. This detector was designed to
provide two or more hits per each track of one charged particle. In addition, the pixel allows
measuring a secondary vertex generated by long-lived particles, such as b or ¢ quarks or 7
leptons. The geometry of the pixel detector is basically some concentric Barrel layers located
at 4.4, 7.3 and 10.2 e¢m from the center of the interaction point, and two Endcap disks on each
side. The three Barrel layers have a length of 53 ¢m, and the Endcap disks are located at
|Z| = 34.5 em and 46.5 em. The pixel detector covers a pseudorapitidy region up to |n| < 2.5.
The layers of this detector are composed of modular units of segmented sensor plates, each of
them connected to a readout chip (ROC) using a micro-soldering technique known as bump
bond [54]. Figure [3.6] shows a sketch of the pixel sensors [49].
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Figure 3.6: Description of the pixel sensors, the sensors are connected to the readout chip using
bump bonds in the pixel sensor.

'3.2.5 The silicon strips tracker

The silicon strips detector has 15400 modules, which are arranged in the Barrel and Endcap
regions of the CMS detector. The Barrel is divided into two sections: the Tracker Inner Barrer
(TIB) and the Tracker Outer Barrel (TOB). The TIB used silicon sensors of 320 pm thickness
and strip pitches of different widths, the dimensions can vary from 80 to 120 gym. The TIB is
organized in four cylindrical layers, whose pseudorapidity coverage is up to || < 1.4. Figure [3.7]
presents a real picture of the TIB [49, 54].

Figure 3.7: The Tracker Inner Barrel (TIB) of the CMS detector.

The TOB is composed of four identical disks, which have six cylindrical concentric layers.
The TOB has a set of silicon sensors of 500 um thickness and strip pitches that vary from 80 to
120 pm. The Endcap region of the detector has a total of twelve disks on each side. The disks
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are divided into nine disks called Tracker End Caps (TEC) and three smaller disks called Tracker
Inner Disks (TID). These TID fill the gap between the TIB and the TEC. Moreover, silicon
sensors of 320 pum thickness are used for the TID and three innermost disks of the TEC, the
remaining disks of the TEC have sensors of 500 um. The TID and TEC cover a pseudorapidity
region of 1.2 < 1 < 2.1 and 1.0 < n < 2.5 respectively [54]. The tracker resolution depends
on the type of particle that is detected. For example, light charged particles with momentum
above 1 GeV have an efficiency of 94% for |n| < 0.9 and 85% for 0.9 < n < 2.5. In addition,

the spatial resolution of the primary vertex reconstruction is around 12 pum [55].

'3.2.6 The electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is composed of 74524 lead tungsten crystals
(PbWO,). The detector is divided into two sectors, Barrel ECAL (EB) and Endcaps ECAL
(EE) [45]. The crystals are shaped like a quadrangular prism with an area of 22 x 22 mm?
and length of 230 mm each. When charged particles pass through the ECAL crystals, they
interact with the material generating an electromagnetic shower. This shower is developed by
high energy photons, which create electron-positron pairs that generate more photons. The
PbW O, crystals are connected to photo-detectors that collect the scintillation light that comes
from the photon cascade, amplify it and convert it into an electrical signal. In order to measure
the position of the shower and its energy, the final electric signal is then sent to the readout

system. Figure [3.8] shows a picture of the electromagnetic calorimeter taken from [49].

Figure 3.8: Picture of the electromagnetic calorimeter of the CMS detector.

The Barrel system has been structured into four modules. The first module is composed
of 500 crystals and the three remaining have 400 crystals. Each module covers half of the

total Barrel length, and 36 modules cover the whole EB section. The EB has an inner radius
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of 1.29 m and covers a interval of 0 < |n| < 1.479. The Endcap system is composed of two
half-disks, consisting of a set of units. Each unit is assembled with 5 x 5 crystals called super
crystals. The crystals that make up the units have the same dimensions: 24.7 x 24.7 x 220 mm?.
They are located at 314 ¢m from the interaction point, which have a pseudorapidity coverage
of 1.479 < n < 3.0 [54]. The resolution of the ECAL is obtained by fitting the reconstructed

energy, the number of secondary particles (S), the electronic noise (N), and calibration factors

(C) [56].
S RCIEC R

'3.2.7 The hadron calorimeter

The Hadronic Calorimeter (HCAL) has been designed to measure the energies and directions
of particles that have strong interaction, such as pions, kaons, neutrons, among others. In
addition, particles that have no strong interaction, such as photons, electrons and muons are
detected with the help of the HCAL detector. Therefore, the HCAL detector complements the
ECAL and muon detectors. For instance, by using the information from the ECAL and the
HCAL detectors, different energy thresholds can be implemented in each detector to identify
the type of particle. The HCAL is made of alternating layers of non-magnetic brass, such as:
copper, zinc and stainless steel. The hadronic particles generate showers of particles in the
HCAL, which are detected with plastic scintillators in between the metal layers and this light

from the scintillators is sent to the readout system using optical fibers.

Figure 3.9: Real picture of the Hadronic calorimeter of the CMS detector.

Figure [3.9] shows a real picture of the HCAL taken from [49]. The HCAL has three main



36 Chapter 3. Experimental setup

sections: central, outer, and forward. The central part has two segments, the Hadron Barrel
(HB) and the Hadron Endcap (HE). The HB is composed of two half barrels, each half barrel
contains a total of 16 towers, covering a pseudorapidity of 0 < 1 < 1.4. The HB gives a total
of 1152 channels per a half-barrel with a ¢ segmentation of 5°. On the other hand, the HE
consists of a set of 14 towers covering a pseudorapidity of 1.3 < n < 3.0 with the segmentation
of 5% around the 5 outermost towers (whose 7 is smaller), and segmentation of 10° for the inner
towers [H4].

The Hadron Outer (HO) calorimeter is placed outside the magnetic solenoid but inside
the barrel of the muon system. The HO covers a pseudorapidity region of —1.26 < n < 1.26.
The HO is essentially a layer of scintillators used to measure the energy of hadron showers
that go beyond the calorimeters and the solenoid [54]. Finally, the Hadron Forward (HF)
calorimeter is located at 11.2 m from the beam pile. It covers a pseudorapidity region of
3 < n < 5. The HF contains steel/quartz fibers running parallel to the beamline. The HF
is composed of 13 towers in 7, with a segmentation of 10° around ¢, except for the highest
n, where A¢ = 20°. This distribution gives a total of 900 towers for the entire HF detector.
The expression of the resolution of the HCAL looks like the resolution of the ECAL, which is
described by Equation (3.10). The resolution of the HCAL depends on the granularity of the

detector and the type of particle as well. For pions, the resolution is given by [57]:

(@)2 = (1\3/%%)2 + (13%)° (3.11)

3.2.8 The muon system

The muon system at CMS is composed of three different types of technologies: Drift Tubes
(DT), Chatode Strip Chambers (CSC) and Resistive Plate Chambers (RPC). As mentioned
before, the muon system is interlaid between the layers of the iron return yoke. The muon
system was designed to provide good identification and fast trigger response. The barrel region
of the muon system is composed of five wheels. The wheels are divided into 12 identical sectors,
organized in four layers (MB1, MB2, MB3 and MB4) per wheel [54]. The resolution of the muon
system has been studied from the Run-I, for muons with pr greater than 1 GeV, the resolution
achieved 95% within the whole pseudorapidity coverage of this sub-detector, moreover, the

charged hadron fake rate as a muon is maintained below 1% [58].

3.2.9 The drift tubes chambers

The DT units consist of a cell filled with an ionizing gas. Figure [3.10] shows a sketch of
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the basic components of a DT unit taken from [54]. When charged particles pass through the
DT cells, it ionizes the gas leaving a trail of electrons and ions that produce a signal collected
by the anode. The DT detector covers the barrel region (|n| < 1.2) where the multiplicity of

muons is relatively low.
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Figure 3.10: Sketch of the basic unit cell of a DT chamber at CMS. A voltage of +3600 V is
applied to the anode wire, 1800 V for the electrode strip at the top and bottom of the cell and
—1200 V for the cathode strips on the sides.

3.2.10 The cathode strip chambers
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Figure 3.11: Real picture of CSC unity (left), sketch of a single gas unit of a CSC chamber
(right).

The CSC’s are only located in the endcaps of the CMS detector. The system has a total of
468 units, equally distributed in the two endcaps. Each CSC module has a trapezoidal shape
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and is symmetrically distributed in concentric rings around the beam line (Z coordinate). The
chambers consist of six detecting layers filled with gas. Figure [3.11] shows a real picture and
a sketch of a basic CSC unit taken from [49,54]. When charged particles go through the
chambers, the corresponding ionization of the gas generates an avalanche of electrons which
produce a charge on the anode wire and a subsequent image charge on the group of cathode
strips. The CSC chambers are used in the two endcaps (|n| < 2.4) of the detector, where the
muon rate and the magnetic field are high [54]. This detector produces a fast signal, which is

very useful for triggering purposes.

3.2.11 The resistive plate chambers
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Figure 3.12: Sketch of a simple RPC chamber.

The RPC’s are detector units consisting of two parallel plates with a high polarization
voltage. These are filled with ionizing gas. Figure [3.12] shows a sketch of a basic unit of an
RPC detector taken from [54]. The RPC chambers are located in both detector regions: barrel
and endcaps. The RPC chambers provide good spatial and timing resolution. Additionally,
this detector is used for triggering purposes and complements the measurements performed by
the DT and the CSC modules. For the barrel section, a total of six layers of RPCs are installed.
There are two layers of RPCs at stations MB1 and MB2 and just one layer for the MB3 and
MB4 sectors. On each endcap, there are four layers of RPC, one per each CSC. The RPC’s

cover a region of |n| < 1.6.
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(_

The trigger system

CMS has to handle a large amount of information every bunch crossing. The event rate
that comes from collisions is 40 MHz for Run-II. The event size in storage is around 1 MB,
consequently, by operating at 40 MHz at nominal luminosity, 40 TB per second of data is
generated. Therefore, CMS has developed a trigger system to select interesting events. The
main task of this system is to reduce the rate of information from 40 MHz to 100 Hz, based upon
physics criteria, and collect the desired information via the Data Acquisition System (DAQ),
section 3.4). The Trigger System has two filtering stages: the Level 1 Trigger (L1-Trigger) and
the High Level Trigger (HLT).

3.3.1 L1-Trigger (L1T)

The L1T executes the selection events based on hardware criteria, by reading out the
electronics of each detector. The L1T uses information from ECAL, HCAL and muon detectors
to make a fast decision regarding the event [59]. Therefore, the L1-Trigger searches information
from Calorimeters (ECAL and HCAL) and Muon (CSC, DT, RPC) systems. This information
has several pre-processing steps to evaluate the Global Trigger decision (GT) where the event

is accepted or not.

3.3.2 High level trigger (HLT)

The HLT is a step of processing of the events based on software [60].The complex
reconstruction algorithms operate with the whole information in each read-out channel of the
detector and generate a specific dataset for each physics object(electron, muon tau, pi*s
etc). Finally, the information is stored in a computer farm at CERN referred to as the Tier-0
and then transferred to other computers farms located in other places in the world known as
Tiers-1. The HLT has different types of algorithms such as clustering algorithms to establish
the energy deposit by the electron in the ECAL, and island algorithms to avoid overlapping
between clusters. Reconstruction techniques to find the exact position of the clustering and the
full tracking of the electrons and photons are used [60]. In summary, HLT generates physics

objects based on algorithms’ and it decreases the event rate down to 100 Hz of the information
provided by the L1T.

tThe particle reconstruction will be further explained in Chapter 4
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(_

The data acquisition system

The Data Acquisition System (DAQ) is related to the whole set of functions needed to
store the information that comes from collisions. The non-discarded events by the L1T are
saved within a time of 32 ps and the DAQ can write the information with a speed of 100 Gb/s.
During the L1T processing, the DAQ must keep storing data. There are specific electronic
devices for this purpose [61]. The Front End Systems (FES) is buffering devices to store the
information continuously. Once the information is processed there, data is pushed into the
Front End Driver Devices (FED). Finally, the DAC combines the information from different
FEDs of each sub-detector by using a Front-end Read-out Link (FRL). The last step is through
optic fiber where the information is transferred and processed by the HLT. Figure [3.13] shows
the performance of the FED system as a function of the transferring bytes taken from [61].
Note that, the working point is around 200 Mb/s.
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Figure 3.13: Performance of the FED as a function of transferring bytes (fragment of the
information).

The information stored by the DAQ includes all the relevant physics information of a specific
event. A first format launch by the HLT is the RAW format, which is a complete set of the
features about the event. Nevertheless, this format does not contain explicitly physics quantities
such as the kinematic variables or the identification of particles among others. In order to
obtain the relevant physics information, an additional reconstruction step is needed. CMS
utilizes the Particle Flow Algorithm (PFA) to reconstruct outcoming particles from collisions,
as discussed in Chapter 4. This new more readable format is called RECO format, but it is

still not small enough to be used for data analysis. The final format for physical analysis is
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called mini-AOD format, which has a smaller size than the RECO format but, it has a piece
of complete information from the collisions for analysing. Recently, the size of the format has

been reduced even more to a new format called nano-AOD?.

(_

Service work and other contributions at CMS

The service work inside of the CMS collaboration can be summarized as follows:

e [ was in charge of the data certification through Data Quality Monitor (DQM) for the
RPC system detectors for 1 year.

e There were two contributions of software to the CMSSW off-line repository for the L1

trigger in the RPC detectors. These contributions can be located in the following links:

— CPPF emulator: https://github.com/cms-sw/cmssw/tree/master/L1Trigger/
L1TMuonCPPF

— Primitive Trigger Producer: https://github.com/cms-sw/cmssw/tree/master/

L1Trigger/RPCTriggerPrimitives

e The CPPF emulator is referred to as a module to create integers coordinates based on the
global geometry of hits in the RPC chambers. These coordinates are input for another

system in the endcap region known as EMTF, which are given by:

Qint = (eglobal — 85) X 32/365
¢int = (¢local + 22) x 15. (312)

Ogiobar a0d Ppocqr is available information in current RPC collections, which are already
included in the CMSSW repository.

e RPC Primitive Trigger Digis are referred to a module to create an additional collection
based on a map between the RPC chambers and the real optic fibers in each chamber. This
information was not included in before versions of CMSSW, which is already implemented

for all geometry of RPC detectors.

tFor this thesis, the analysis for 2016 and 2017 data samples are based upon mini-AOD and nano-AOD
respectively as discussed in Chapter 7


https://github.com/cms-sw/cmssw/tree/master/L1Trigger/L1TMuonCPPF
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https://github.com/cms-sw/cmssw/tree/master/L1Trigger/RPCTriggerPrimitives
https://github.com/cms-sw/cmssw/tree/master/L1Trigger/RPCTriggerPrimitives
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CHAPTER 4

Particle reconstruction and identification

- Section 4.1
(The Particle flow algorithm

The Particle Flow Algorithm (PFA) is a set of instructions based on hardware and software.
The main aim of the PFA is the identification and reconstruction of the stable particles after
the collisions. By combining the information of each sub-detector, CMS can perform the
reconstruction processes. Particles such as electrons, photons, muons, and neutral and charged
hadrons can be reconstructed with the PFA. There is another type of objects such as jets or
the Missing Transverse Energy (p*%), named High-Level Objects which are reconstructed as

well.

Electrons are reconstructed by adding information from the tracker and the deposited energy
in the ECAL [62]. The energy loss is mainly due to bremsstrahlung, thus the first electron leads
to et cascades plus photons. This process continues with the energy of the electrons produced
by the cascades achieves the critical energy, where the ionization process is balanced by the
bremsstrahlung. The critical energy is approximately given by E. ~ 600/Z GeV [51]. On
the other hand, photons are reconstructed following the same behavior. The reconstruction
of photons has high accuracy due to the performance of the ECAL detector. Charged and
neutral hadrons are reconstructed by using their deposited energy in the HCAL detector, with
pseudorapidity coverage of £3. The HCAL detector can separate these particles with transverse
momentum above 100 GeV /c spatially. Moreover, the resolution is around 10% at 100 GeV [51].
As we mentioned, the global information about the reconstruction and identification is taken
from each sub-detector, and it is processed through three routines: tracking, clustering, and

link algorithms, which belong to the PFA framework.

4.1.1 Tracking

Although the combined ECAL-HCAL resolution is quite good, the main aim is basically
to discern as many particles or jets as possible. The tracker is included in the reconstruction

process to reach this goal. Since the tracker has a much better spatial resolution than the

43
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calorimeters, on the order of pum, this detector can provide the primary and secondary vertex
of the decay products and their directions. Essentially, the tracking algorithm processes the

measurements of the tracker to keep fake rates as small as possible.

The steps to reconstruct tracks go as follows: tracks are reconstructed using very tight
criteria, then, another less strong criteria are applied which must not exceed the fake rate.
In the next step, the ambiguous tracks are deleted, this is then repeated by reducing the
maximum value of criteria. This iterative method increases the efficiency of the tracking hits,
which reduces fake hits. The rough efficiency is around 99.5% for isolated muons and 90% for
charged hadrons [62]. With this technique, charged particles with three hits and momentum
around 150 MeV/c are reconstructed, and their fake rates are as small as the method allows.

Figure [4.1] taken from [62] describes the tracking iteration for a hadronic jet.
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Figure 4.1: The tracking algorithm increases the efficiency of the hit tracking. This information
helps the ECAL and HCAL in the reconstruction process.

4.1.2 Clustering

The clustering algorithm has three aims. The first one is the measurement of the energy
and direction of the particles, the next step is to separate the neutral particles such as

photons from the charged hadrons, and the last is to identify the electrons and their associated



4.1 The Link algorithm 45

bremsstrahlung. In addition, the clustering is performed in each sub-detector by adding the
information of the deposited energy in a set of cells. This algorithm calculates the cell with
the largest energy deposition, which is referred to as the seed-cell. The seed-cell is activated by
adding at least one cell with energy above a certain threshold. In fact, this threshold determines
the resolution of each calorimeter. For the ECAL detector, the threshold is 80 MeV in the barrel
region and 300 MeV for the endcaps, and for the HCAL detector, the threshold is roughly 800
MeV [62]. Finally, the iterative process in each sub-detector gives the best cluster and position
to the PFA algorithm.

4.1.3 The Link algorithm

The PFA algorithm in each sub-detector must be combined to reconstruct a global object
such as a jet, electron or muon. The linking algorithm connects the separate information in each
sub-detector to generate the global reconstructed object. The linking algorithm avoids to count
duplicate physics objects as well as to qualify the distance between them [62]. This distance
depends on the granularity in the sub-detector, which is measured in the n — ¢ plane. In CMS,
the granularity of the ECAL detector is better than of the granularity of the HCAL detector.
This granularity allows the link algorithm to build two or three blocks of information, depending
on each detector. In addition, if this cluster has an associated track in the tracking algorithm,
there will be enough information to isolate this physics object using the PFA. Another feature
of the link algorithm is that the criteria to get global objects is based on the minimum value

returned by the y? estimator, which determines the optimal link distance between objects.

Jet reconstruction

(_

In experimental particle physics, a collection of particles that comes from the hadronization
(or fragmentation) processes initiated by quarks or gluons are called jets. Such hadronization
processes are due to the nature of the strong interaction, which does not allow free-quark
states, maintaining the color confinement [51]. The strong potential has a confining term
that increases in magnitude with the distance of separation between quarks anti-quark pair,
allowing, at a certain point, the creation from the vacuum of an additional quark anti-quark
pair. this process is subsequently repeated, resulting in a large variety of light and heavy
hadrons after hard scattering events. The decay products are clustered following specific
software algorithmic routines. Some neutral and charged hadrons, such as kaons, pions, and

neutrons are reconstructed by the CMS detector.
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The PFA algorithm reconstructs all particles as a single object, tagged as a jet, through the
information in each sub-detector. In general, reconstruction algorithms for jets focus mainly

on clustering tracks, which is described as follows:

Prim.Vertex - =70

Figure 4.2: The spatial notion of jets can be sketched as a mathematical cone, which is defined
by the n — ¢ coordinates. By minimizing the distance in the n — ¢ space, algorithms can
reconstruct a single object (jet) based on the clustering tasks in each sub-detector.

e Sequential algorithms: In CMS, the coordinate space is defined by the coordinates
(1, ¢). By minimizing the distance in the variable AR defined as AR = \/(An)? + (Ag)2,

reconstruction algorithms generate global physics objects (jets) using individual clusters

in each sub-detector. Iteratively, the code flow searches all particles contained within a
distance AR measured from the beam axis, which is the primary vertex of the collision.
AR defines a mathematical cone in space. Figure [4.2] sketches the geometry of the
clusterization using the geometric distance AR. The algorithm is completed when there
are no more particles outside of the cone. In addition, the clusterization also depends upon
the transverse momentum of the particles involved. The geometric distance between two

particles is defined as:

dij = mz’n(kip, ktsz) (v — )" ;(@ —9)%)

dip = k?zp (4.1)

In Equation (4.1), kr is referred to the transverse momentum carried by a given particle,

and R is the minimum value of the distance among particles that constitute the jet.
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In references, depending on the specific value of the exponent p, you can find different
versions of the sequential algorithms. For p = 1 the algorithm is called kt algorithm [63],
for p = —1 the algorithm is called anti-kt algorithm [64] and for p = 0 the algorithm is
called Cambridge-Aachen [65]. The algorithm that is most commonly used by the CMS
and ATLAS collaborations is the anti-kt algorithm, which constructs the cone using the
particle with highest pr as a seed, after that, the algorithm includes other particles with
lower pr [66]. Finally, some corrections are taken into account to build the final jet,
such as efficiencies, the acceptance of the detector, pileup, electronic noise, and overlap
removal. For example, the pileup dominates corrections for low pr regimen up to 50% at

CMS [67].

4.2.1 B-jet reconstruction

After the hard scattering processes, all kind of hadronization processes is produced. These
final states generate different signatures in each layer of the detector. In general, the distinction
between jets that come from the hadronization of u,d,s and b-quarks is quite difficult. Jets
composed of b-quarks have different time-decay and are characterized by secondary vertices,
which have a typical length on the order of mm. This secondary vertex can be measured using
the tracker sub-detector [68].

The CMS experiment has several algorithms to identify this type of jets. These algorithms
are based on the information of isolated leptons, tracks and vertices to achieve the maximum
isolation power of b-jets. Omne of the algorithms is known as Combined Secondary Vertex
(CSV), which has is a multi-variable algorithm characterized by different isolation working
points. These working points are referred to as isolation criteria to obtain more certainty
about the identity of the jet. Commonly, these isolation criteria are denoted as: Very Loose,
Loose, Medium, Tight, and Very Tight. For instance, the Medium working point has a
misidentification rate associated with light-jets (u,d,s) of 1% for a pr > 80 GeV/c [68]. In
CMS, b-jets are clustered using the anti-kt algorithm with R = 0.5 by default. On the other
hand, the reconstruction of b-jets has shown a good performance, by including Multi-Variable
Analysis (MVA) tools, which use as input the secondary vertex, among others. According to
the efficiency of the algorithm and the misidentification rates, the most used working points

are described as follows [69].

e CSVL: Loose working point, which has an efficiency of 83% and a misidentification rate of
10%.

e CSVM: Medium working point, which has an efficiency of 69% and a misidentification rate
of 1%.
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e CSVT: Tight working point, which has an efficiency of 49% and a misidentification rate of
0.1%.

The CSV algorithm was the predecessor of the CSVv2 algorithm, which was implemented in
the Run-II period. This CSVv2 is based upon neural networks and has an enhancement in the
efficiency of around 10%. Figure [4.3] taken from [69] shows the behavior of the efficiency as a
functions of fake rates. Table [4.1] summaries the features of the different working points for
the CSVv2 algorithm.
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Figure 4.3: b-tagging efficiency as a function of the misidentification rate. The behavior depends
on the regimen of the momentum (pr) and the pseudorapidity () coverage. Simulated t¢ events
from pp collision at /s = 13 TeV have been used.

Table 4.1: Working points of the b-tagging algorithm as a function of the discriminators of the
neural networks.

WP Discriminator b-tagging efficiency fake-rate
Loose 0.5426 83% 10%
Medium 0.8484 69% 1%
Tight 0.9535 49% 0.1%

Introduction to tau (7) physics

(_

The tau (7) lepton is a lepton identical to the electron or the muon but with a significantly

larger mass. Taus can decay either to leptons (7 — v.fvy), with £ = e, u, or to light hadrons
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(1 — qq). Figure [4.4] shows the Feynman diagram illustrating the possible decays of the 7.
Hadronic decays of the 7 lepton are expressed as 7,. The 7, decays are characterized by one,
three, or five charge hadrons with neutral particles in the final state, which depends basically

on the fragmentation processes of the initial quarks.

Figure 4.4: Feynman diagram of the possible decay modes of the 7~ lepton.

The decay rate to leptons or hadrons is known as branching ratio (BR) of the channel.
The branching ratios of the tau decay can be summarized as follows: The branching ratio to
hadrons BR(T — ¢q) is around 64%, and to leptons BR(T — v, {v,) is 36%. Because lepton
universality, the BR to muons and electron is roughly the same (= 17.5%). In fact, the source
of the difference between BR(T — v, ev,) and BR(T — v,;uv,) comes from the mass difference
between the electron and the muon, which is m, ~ 200 x m.. On the other hand, the tau
lepton has a short life time (¢,can = 290 & 0.53 x 1071 s), which leads to a decay length of
Cltimean == 87 pm [8]. This intrinsic feature of the tau lepton does not allow its reconstruction
directly, because of this particle does not reach the first detector layers. Table [4.2] summarizes

the main properties of the 7 lepton [51].

Table 4.2: Possible decay channels of the 7 lepton with their corresponding branching fractions.
Leptonic decay channels
™+ S ety 17.8%
™ = . 17.4%

Hadronic decay channels

T+ = htu, 11.5%
T+ = hE 0y, 26.0%
™+ 5 hEr070, 10.8%

™+ 5 hERERTL, 9.8%
™+ 5 hERERTOr. 4.8%
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In general, 7 decays can be misidentified with events that come from other processes such
as electrons and muons from the Z° decay or similar signatures associated with QCD Multi-jets
production. Therefore, the 7, decay, which has the highest BR is the most accessible channel at
experimental level. In order to measure a hadronic tau candidate (73,) as accurate as possible,

reconstruction and identification algorithms are needed.

4.3.1 Tau reconstruction

The CMS experiment has developed reconstruction algorithms to isolate a hadronic tau
candidate (75,). This software is known as Hadron Plus Strip (HPS) algorithm [70]. The HPS
algorithm uses the particle flow algorithm to identify and reconstruct the physics objects in each
sub-detector. In general, the HPS has four categories: electrons, muons, neutral, and charged
hadrons. The dominant contribution of the hadronic decays is to three 7% and two 7°, which
are reconstructed by the HPS. The HPS focuses on photons and electrons that deposit their
energy in the ECAL detector and the bending tracks of electrons and positrons. This algorithm
clusters photons in an object called strip, then, it looks for electromagnetic candidates (e*)
within a mathematical cone given by An < 0.05 and A¢ < 0.20. In addition, the deposition
of energy in the ECAL must be consistent with the 7% reconstruction. This deposited energy
has a threshold of E,;, > 1 GeV/c. Finally, by combining the previous information with
the information that comes from charge hadrons, the 7, candidate can be reconstructed in its
different decay modes [70]. Table [4.3] describes the different modes of the HPS algorithm.

Table 4.3: Different reconstruction modes generated by the HPS algorithm.

Mode Topology

Single hadron h~v,, h-mv, pr(7%) =~ 0

One hadron + 1 strip h=v, v’s and 7 collinear
One hadron + 2 strips h~v, v’s and 7° well separated

One hadron + 3 strips  h~h"h v,  outcoming hadrons from same vertex

For instance, Figure [4.5] shows schematically the hadronic tau decay (r — 7 7'v,),
which corresponds to the 54.5% of the whole spectrum of the tau hadronic decays. Similar
to the reconstruction of b-jets, the HPS algorithm has different working points for isolation
of the 7, candidate. These requirements have the same labels: Very Loose, Loose, Medium,
Tight, and Very Tight. For taus, these working points are calibrated using QCD Multi-jets
events, which have a non-negligible probability to misidentified as 7, candidates. In CMS,
this misidentification rate is 1%, 2%, and 4% for Loose, Medium, and Tight working points
respectively [70].
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Figure 4.5: Single 75, decay (7= — 7 v, or 7= — 7 7'v,). The strip is reconstructed by

using the combined information that comes from the tracker and the ECAL. By adding the
information of the charged hadron and the topology of the object, different decay channels are
identified.

In CMS, the 7, isolation working points have been measured on data in channels such as
7 lepton decaying to hadrons and v, at /s = 13 TeV. Figure [4.6] shows the isolation working

points of the 7, candidate, which is measured in Z/v* — 77 events [71].
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Figure 4.6: Efficiency of the 7, candidate identification, which is estimated using simulated
Z |~v* — 77 events. This efficiency is a function of the reconstructed pr(7;,) of the generated
in MC.
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(_

Muon reconstruction

In CMS, muons have been broadly studied. The reconstruction and identification
efficiencies achieve 95% in the total pseudorapidity coverage for low pr muons. In addition,
the misidentification rate of muons as hadrons is around 1% [72]. The muon candidate
reconstruction has two main steps. In the first step, the muon candidate is reconstructed
using the information that comes from either the tracker or the muon detectors. The muon
candidate is actually a local physics object defined in each sub-detector separately. In the second
stage, the information of the tracker is added to the information of muon chambers to obtain
a global physics object. The algorithm to obtain a global muon is based upon the Kalman-filter
method [73]. This method provides a reconstruction efficiency of 99% within the acceptance
of detectors. Since low pr muons do not reach the muon chambers, this method works for
pr(pn) > 5 GeV.

Electron reconstruction

(_

In CMS, the reconstruction of electrons requires both the information of the deposited
energy in the ECAL sub-detector and the reconstructed tracks in the tracker. The ECAL
collects the energy of electron candidates using mainly the highest point of energy in crystals
of the ECAL detector. The crystal with the highest energy is taken as a seed to search for
electromagnetic activity in a mathematical cone defined in (n,¢) space. Additionally, the

tracker matches all trajectories compatible with the energy deposition in the ECAL detector.

The efficiency of the electron reconstruction has been studied in ZY and J/v¢ decays to
electron-positron pairs. In general, the uncertainty is below 0.3% for a kinematic region of
5 < pr(e) < 100 GeV. In addition, the threshold of the energy for the seed crystal is around
Ejmm 1 GeV and the coverage of the algorithm is 5 x 1 cristals near the seed [74].

seed —

The missing transverse energy (py

( miss

In a particle accelerator, collisions occur along the beam axis. For that reason, the transverse

momentum of bunches of protons is zero. This kinematic constraint is given by:
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> pit =0, (4.2)

i

This vectorial term must remain invariant after hard scattering processes. Nevertheless,
after the pp collisions, there are particles that emerge that do not interact with the detector
such as neutrinos or hypothetical neutral particles (x{’s), which naturally create an imbalance
of the transverse momentum. We can measure this imbalance using the conservation of the

momentum in the transverse plane.

Zp ZpT (visible) + ZpT (invisible) = 0

i J

ZpT (invisible) ZpT (visible), (4.3)

where all the particles detected are referred to as wisible, and invisible represents all particles

m5%) is defined as:

not reconstructed by the detector. The missing transverse momentum (pt

P = ZpT (visible). (4.4)

The magnitude of the missing transverse momentum is known as the missing transverse
energy (|pp™**[). In CMS, the scale and resolution of the p1""** depend strongly on the bunch
crossing, the multi-scattering per bunch (pileup), and the algorithms that are used. There
are three main algorithms to reconstruct the pf#ss: PFp;™** Calopt™*, and TCpp™**. The
PFp;™** algorithm is fully based on the PF routine, which takes the information in each
sub-detector to generate the missing transverse vector through Equation (4.4). The Calopt™**
algorithm uses the information in the ECAL and HCAL detectors as well as the coordinates
(7,¢), and pr to generate the missing transverse vector. The TCpp™** algorithm uses the
information of the ECAL and HCAL detector as well as reconstructed tracks in the tracker

= mlSS

to increase the efficiency of the p This efficiency depends on several factors such as
energy fluctuations in the ECAL and HCAL and multi-scattering, in fact, the most important
contribution to the systematic uncertainty is the pileup re-weighting that can achieve up to

95% of the total systematic uncertainties [75].

- Section 4.7
(Pileup re-weighting

At the LHC, the number of collisions per bunch crossing depends mainly on time for bunch
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crossing and the number of protons per bunch. For Run-II, the time scale of the bunch crossing
is 25 ns, which generates an average of 25 collisions per crossing. The CMS detector can
handle this amount of information. Nonetheless, the real conditions of the accelerator can
generate more than 25 collisions. The effect of extra collision during a bunch crossing is
known as pileup [76]. The pileup depends mainly on the instantaneous luminosity (£), inelastic
cross-sections (o;), and the time for bunch crossing (t,, = 25 ns). We can model the pileup

effect taking the average number of collisions proportional to these variables.

=L X0 X1y (4.5)

The probability of obtaining n pp collisions given a mean value p follows a Poisson
distribution [77].

n

Pln, p) = %e‘“ (4.6)

Figure [4.7] shows the pileup measured by the CMS experiment during 2016 and 2017 at
Vs = 13 TeV [78]. Note that, the mean values are 27 and 37 respectively. Since there are extra

vertices in pp collisions, the pileup has an important role in the reconstruction of jets.

CMS Average Pileup, pp, 2016, Vs = 13 TeV CMS Average Pileup, pp, 2017, Vs = 13 TeV
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Figure 4.7: Pileup summaries the multiple scattering during the bunch crossing. These
distributions are the pileup during 2016 (left) and 2017 (right) at /s = 13 TeV.

Since it is quite difficult to simulate the real bunch crossing in simulations, the MC must

incorporate the pileup effects as accurate as possible. One option is to calculate the ratio
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between the pileup measured on data (NP%?) and the number of vertices (i) generated in the
MC simulation (NM¢).

. NData
pileup i
w; = : (4.7)
z NZ-MC
In Equation (4.7), w?"®? represents a weight to correct the pileup in the MC simulations
event by event. Pileup distributions for both, data and MC simulation must be normalized to

unity.

Definition of experimental variables

(_

4.8.1 Cross section and luminosity

In particle physics, a cross-section (o) represents the probability of production of a specific
process, which is a function of the energy of center of mass y/s. This quantity is related to
the level of the interaction between the beam and the target, or between two beams. The

fundamental unit used to measure the luminosity is the barn (16 = 10~%m? ).

The luminosity is a parameter related to the accelerator and its performance; it can be
defined as instantaneous or integrated luminosity. Instantaneous luminosity is defined as the
number of particles detected per unit of surface and unit of time. To define luminosity in
a particle collider, such as the LHC, we need to consider two beams, A and B, interacting
in opposite directions. In the case of the LHC, each beam is composed of groups of protons
(bunches) that have N4 and Np particles. Each particle in beam A can scatter with any particle
in beam B; then we might have Ny collisions per each particle in a bunch A. Since there are
N4 protons in a bunch A we will have N4 x Np possible interactions between two bunches.
Therefore, the luminosity must be proportional to this quantity. Another important factor in
the estimation of the luminosity is the frequency of collision of bunches. If the frequency of
collision of protons increases, this is directly translated into a higher luminosity. Finally, other
parameters such as the effective interaction area between two bunches 47(c4 X op) [79] and
the angle of the collision between bunches, F' < 1, are also important to determine an adequate

expression for the luminosity in a particle collider [78]:

Ny x N x fx F
dmt(oq X o)

L

(4.8)

For example, some parameters for the calculation of the luminosity at the LHC are [8]:
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Ny x Np = (1.15 x 10")?, f =4 x 10" s7!, the bunch cross-section Sepp = 47(1.6 x 107°) X
(1.6 x 107°) em? and F' ~ 0.96. With these values, the luminosity is £ ~ 10** em™2s7'. On
the other hand, the integrated luminosity is defined as the integral of £ in a defined period of
time.

L= / Ldt (4.9)

In particular, Figure [4.8] shows the integrated luminosity for 2016 and 2017, where the
amount of data available for analyses is 36.1 and 41.3 fb~! respectively [78]. Finally, the
expected number of events associated with a production mechanism (XN;, Equation (4.10)) is
related to its cross-section and the stored integrated luminosity. In general, N; depends on the

reconstruction efficiencies (¢;) of the different objects that are implicated in the study.

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV CMS Integrated Luminosity, pp, 2017, Vs = 13 TeV
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Figure 4.8: Integrated luminosity recorded by the CMS experiment during 2016 (left) and 2017
(right).

Phys—0bj
Ni=oixLx [] & (4.10)
J
One of the most important parts of experimental analysis is the background estimation,
which is described in Chapter 7. The estimation of each background in the search region (SR)
is mainly related to the efficiency terms in Equation (4.10). For example, by including a 7,
candidate in the final state, the reconstruction efficiency must be estimated in a dedicated

control region (CR) for such purpose.
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4.8.2 Transverse mass

Consider the decay of a particle of mass M into two particles (called decay-products) such
as: W — (v, which is described by the Feynman diagram in Figure [4.9]. We can calculate the

invariant mass associated with the W boson using the four-momentum of decay product.

P’ = Py, P,P" = M2,
P{ = P/+P] PP =(E+E,)*— (p+7y)’ (4.11)

e

Ww —
o

Figure 4.9: Description of the W boson decay to lepton (¢ = e, u,7) plus neutrino (v =

Ve, Uy, Vr).

The conservation of the four-momentum leads to:

my, = Ej + E}+ 2B, — |pi|* — |py]* — 25l [Py] cos Ay
mi, = mi+m2+2[EE, — |pi||py| cos Ay (4.12)

Using the known relation between momentum and energy (m? = E? — |p;|?), where i = ¢, .

Equation (4.12) becomes [80,81]:

m%,[, =m3 +m2+ (mrp)?, (4.13)

The transverse mass (mr) in the high energy limit E; ~ |p;|, where i = ¢, v is defined as:

s \/ZpT ™ |(1 — cos Ag, piss ) (4.14)

mzss

where neutrino is taken as pfy The mt is an important distribution of the experimental

analysis reported in this dissertation.
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4.8.3 Dijet mass

In some experimental analyses the invariant mass of a system of two jets is interesting, such
as SUSY searches through Vector Boson Fusion (VBF) production [82], in which the topology
of the event leads to a set of two jets with a high pseudorapidity gap (JAn;;| > 3.0). In those

scenarios, the invariant mass of the two jets system has the following approximation:

Mg = (B + Ep)* — (i + )
= E}+ E3+2EEy — (p} +p5 +2p1 - Pa)
= mi+m;+2(E'E* —p; - ps) (4.15)
To calculate the dot product between the three-momentums, we use the CMS coordinate

system, in which the three-momentum is parametrized as: p' = (pr,7, @), where p? — p3 = p?,

and p = pr cosh(n). Figure [4.10] describes the geometry of the three-momentum.

ﬁ = [panpyapz]
= [pT COS((b)’pT Sin((/b)?pT Smh(ﬁ)] (416)
pT
A
28
0 2

Figure 4.10: Geometry of the three-momentum using the CMS coordinate system.

7 is related to the € coordinate as follows:

n = —In(tan6/2)
efln(tan9/2) + 6ln(tan@/Q)
coshn = 5
1+ tan®6/2
~ 2tanf/2
20/2
= sec” 872 = 1/senf (4.17)

2tanf/2
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By using the hyperbolic functions, the invariant mass is therefore:

m?hh = 2(E1E2 — P1- pg)
= 2(E'E” — (prpt cos(¢1) cos(¢2) + prpt sin(¢n) sin(¢z) + prpt sinh(n) sinh(172)))
= 2(E'E? — phpi(cos(é1 — ¢o) + sinh(n;) sinh(n,)) (4.18)
In general, the transverse component of energy is £ = sif(Te) = B cosh(n). Hence:

m?m = 2(E1E% cosh(n;) cosh(ny) — prpr(cos(éd1 — ¢2) + sinh(n;) sinh(ns)))  (4.19)

The invariant mass (my, j,) in the high energy limit Er ~ pr is:

m?l,jQ = 2pppy(cosh(m — n2) — cos(dy — ¢2)). (4.20)

For VBF searches, since 0 < cos(¢; — ¢2) < 1 the invariant mass becomes:

M ~ /2P (cosh(m — 1)) (4.21)
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CHAPTER 5

State of art of SUSY searches

The large plethora of experimental searches conducted until now have certainly contributed
to exclude several SUSY scenarios and values of the phase space through the last 30 years.

Some relevant studies are listed below:

Search with large missing transverse energy at CERN in 1987 [83].

— Experiment: UA1 (ete™ collisions).

— Energy: /s = 630 GeV, data: 715 nb™L.
— m(q) < 45 GeV,

— m(g) < 53 GeV excluded.

Search for squark and gluino production at CERN in 1989 [84].

— Experiment: UA2 (ete™ collisions).
Energy: /s = 630 GeV, data: 7.4 pb~1.
— m(§) < 74 GeV,

— m(g) <79 GeV excluded.

Limits on masses of SUSY particles at Tevatron in 1990 [85].
— Experiment: CDF (pp collisions).
— Energy: /s = 1.8 TeV, data: 7.4 pb™L.
— m(g) < 73 GeV excluded.

Limits on masses of SUSY particles at LEP between 1995-2000 [86].

— Experiment: LEP (DELPHI, ALEPH, OPAL, L3) (e"e™ collisions).
Energy: /s = [130,208] GeV, data: 2 x 10 pb~'.

— m(X7) < 103.5 GeV,

m(xE) < 70 GeV,

— m(f1) < 100 GeV excluded.

61
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e Limits on masses of SUSY particles at Tevatron in 2012 [87].

— Experiment: CDF and DO (pp collisions).
Energy: /s = 1.8 TeV, data: 5.2 fb 1.

— m(b) > 247 GeV for massless scalar neutrino,

m(x") > 100 GeV for 160 < m(b) < 200 GeV excluded.

e Limits on masses of SUSY particles at LHC in 2012 [88].

— Experiment: CMS (pp collisions).
— Energy: /s = 8 TeV, data: 18.9 fb=1.
— m(t) < 755 GeV for ¥¥ mass up to 200 GeV excluded.
e SUSY searches for electroweak production of charginos, and neutralinos at LHC in
2014 [89).
— Experiment: CMS (pp collisions).
— Energy: /s =8 TeV, data: 19.5 fbo= 1.
— m(xi), m(xY) up to 720 GeV and sleptons up to 260 GeV are excluded.

- Section 5.1
(Current SUSY searches at the LHC

SUSY motivates experimental searches, which can be divided into two sectors: color and
electroweak searches. The color sector, describes the possible SUSY production of gluinos
and squarks through the strong interaction [90]. The LHC provides a suitable environment
dominated by high hadronic production, which is adequate to study the color sector. On the
other hand, the electroweak production of electrowikinos or sleptons is significantly smaller than
those produced by strong processes [89]. Since the production of the electrowikinos or sleptons
has a cross-section that is smaller than strong processes, the sensitivity of those channels could
be limited at the LHC. Nevertheless, backgrounds that come from SM events are generally
smaller in searches targeting electroweak SUSY production. Thus, electroweak searches are
competitive and complementary to color searches at the LHC. In addition, no research carried
out by CMS and ATLAS collaborations has been successful so far. A large part of the SUSY
phase space has been excluded at the LHC, including a variety of final states with leptons,
photons and jets. The latest results (2018) of CMS and ATLAS collaborations are described

in the following sub-sections:
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5.1.1 Results in th

Figure [5.1] shows the upper limits of the gluino mass, which decays into top quarks and
the LSP. This limit was performed by the CMS experiment in 2018 [91]. Gluino masses are
excluded up to 1825 GeV. On the other hand, Figure [5.2] shows the upper limits on the gluino
mass performed by the ATLAS collaboration in 2018 [92]. Masses are excluded up to 2000 GeV

for low values of the mass of the LSP. In other scenarios, the LSP masses are excluded up to

1000 GeV for gluino masses

e color sector

of ~ 1400 GeV.
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Figure 5.2: Upper limits on the gluino mass performed by the ATLAS experiment in 2018.
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5.1.2 Results in the electroweak sector

Figure [5.3] shows upper limits on the i — XY pair production, which was performed by
the CMS experiment in 2018 [93]. Chargino masses are excluded up to 710 GeV for yi — 9
production, and chargino masses are excluded up to 630 GeV for chargino pair production.
Figure [5.4] shows upper limits of ¥i — X! pair production carried out by the ATLAS experiment
in 2018 [94]. Chargino masses are excluded up to 760 GeV in scenarios where the X5 is produced
with an associated X!, and chargino masses are excluded up to 630 GeV in )Zli pair production

scenarios.
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Figure 5.3: Upper limits on the ¥f — ¥ production including sleptons in the final state
performed by the CMS experiment in 2018.
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As a summary, Figure [5.5] shows the timeline in years for the relevant variables associated

with different SUSY searches as well as the experiment where they were performed.
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Figure 5.5: Timeline for the relevant SUSY searches, for different experiments. The
normalization factor is based on the latest value achieved for each quantity. The fastest growing
is the exclusion of the gluino mass.

In order to compare the rate of change of these quantities, a normalization factor consistent
with 1 for the maximum values was applied. For instance, the higher excluded mass of the
gaugino (<2000 GeV) would be one (1.0) for 2018 on the plot. Thereby, the value excluded
by UA1 would be 53/2000 ~ 0.026. By consulting the plot, our ability to exclude values
in the phase space depends on the energy of the collision and the amount of data collected
(exponentially). For 2018, the CMS experiment has collected around ~ 10° more data than in
the UA1 experiment. Similarly, the highest rate of exclusion in that period is the gluino mass

m(g), where three orders of magnitude have been excluded in 30 years.

Compressed mass spectra scenarios

(_

The relic dark matter density (2 parh?) is the remanent amount of DM today. The relic
density is related to production mechanisms given by the specific model in particle physics.
There are thermal [95,96] and non-thermal [97,98] [99] models which could explain the observed
relic DM density. In addition, the relic abundance depends on the couplings and the mass of
particles as well [100]. By including some hypotheses, we can predict the relic abundance
in some interesting scenarios such as non-thermal production of DM axions, which have

physical properties defined by the Pieccei-Quien symmetry breaking [97], or Weakly Interacting
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Massive Particles (WIMP) produced in thermal equilibrium. In fact, the thermal production
mechanisms have an interesting description in SUSY models as well as a deep relation with the
relic abundance [101,102]. We focus on the second scenario, which has additional motivation
for this research. In thermal DM models with SUSY, the DM abundance is strongly connected
with scenarios where the mass gap between the LSP and the specific sfermion is small. By
consulting the experimental exclusion plots, Figures [5.3], and [5.4], the very compressed mass
region has been excluded yet due to low sensitivity in that phase space. Briefly, we show the
connection between the DM candidate and the observed relic abundance, which currently has
the value [100]:

Qpah?® = 0.1186 £ 0.002. (5.1)

In thermal equilibrium, the number density is described by the Boltzmann equation [100].
First of all, consider the annihilation process of N supersymmetric particles y;(i = 1,...,N)
with mass m;. These processes are carried out under the R-parity conservation assumption.
On the other hand, the annihilation of the SM particles that results in the production of SUSY

particles is possible as well. Then, the associated Boltzmann equation is:

N
= _SHan — anj < 0;5Vij > (X’LXJ — XSM) + TT%( < 0;5Vij > (XSM — Xin), (52)
=1

dny,

dt

where H is the Hubble constant (Hy = 73 £ 3 km s™' Mpc™'), oy; is referred to the
annihilation cross-section, and v;; is the relative velocity. The first term on the right side
of Equation (5.2), represents the change on the density number due to the expansion of the
universe. The other terms are associated to the annihilation and creation of supersymmetric

particles. Equation (5.3) with n = 3V becomes:

d
d—? = —3Hn+— < ov > (n? — (n*9)?) (5.3)
where n? follows the Maxwell-Boltzman distribution [102]:
3/2
eq _ mT —m/T 5.4
o) e (5.4)

In fact, when the temperature of the universe drops the number density and the velocity of
particles drops as well. This scenario is known as Cold Dark Matter (CDM), which is described
by non-relativistic thermal equilibrium. Following the timeline in the evolution of the universe,

there is a point called freeze-out where the abundance remains constant, after this point the
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system is non-thermal equilibrium. After the freeze-out the relic abundance can be expressed
as [100]:

h?m,soYo 3H?
Q h2 = X erit — 5 _ 0
X Perit ’ Perit 8rG

which is strongly depending on the mass of the supersymmetric dark matter candidate.

(5.5)

In Equation (5.5), so represents the the entropy of the universe today, and Yy comes from
the integration of the Boltzmann equation (Y=n/s). In addition, if the typical annihilation
cross-section falls in the electroweak scale, it could be reached by the LHC. This is a great
opportunity to explore possible SUSY production scenarios, where the LSP is compatible with
cosmological constraints. However, taking into account only the y? — 7 annihilation processes
the predicted relic abundance does not agree with that predicted by cosmology. In order to solve
this issue, coannihilation terms are included [100], which involves mixing of different particles
(e.g, X} — X5M). Figure [5.6] taken from [95], shows the ¥} — 7 mass difference as function
of ¥ masses which give a relic DM density consistent with the predicted cosmological value.
Note that, in order to get a consistent relic density the Y? — 7 mass difference has to be small,

which is challenging to prove experimentally.
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Figure 5.6: Difference between the LSP (X9) and the 7 as a function of the neutralino mass.
To predict a relic abundance that is consistent with the observed value, the Am(x!?, 7) must be
small. This kinematic constraint is known as compressed mass spectra scenarios.

In Chapter 6, we present the feasibility study at phenomenological level, which includes a
hard jet tagged as Initial State Radiation (ISR), a large p***, and a soft 73, in the final state.
Since the interesting connection between particle physics and cosmology, we explore compressed

mass spectra scenarios given by Am(x?,7) = 50 GeV.
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CHAPTER 6

Probing the stau-neutralino coannihilation region with a
soft tau lepton and an ISR jet

Motivation for the 7 — Y coannihilation region

(_

According to experimental results from the Planck collaboration [103,104], the measured
relic dark matter density in the universe is Qparh? = 0.11864-0.002, as shown in Equation (5.1),
obtained under the hypothesis of AC DM universe. To obtain a consistent result from the
theoretical perspective, using SUSY, some models include the so called 7 — x! coannihilation
(CA) mechanism [95,105,106]. In models considering CA, the mass difference (gap) between
the 7 and the x{ must be small (50 GeV at most). Experimentally, the region that satisfies the
CA requirement is referred to as compressed mass spectra. At the LHC, the production of 7
can occur directly or through cascade decays from charginos )Zf with ¢ = 1,2, and neutralinos
)Z?, with j = 1,2, 3,4. Table [6.1] summarizes the possible production mechanisms of scalar 7

candidates, assuming Drell-Yan processes.

To explore the CA region with 7 leptons at the LHC, a new experimental technique was
proposed through a phenomenological study [107]. The logic behind the experimental technique
was based upon the following experimental facts. Because CA requires a Am(7, X}) < 50 GeV,
the momentum of the 7 leptons in the detector is expected to be small, which implies that
these particles might be lost during the reconstruction process in the detector. In addition,
the associated X! particles can be produced in opposite directions which will not allow the
detection of sizable p**¢. Finally, hadronic decays of 7 leptons account for 64% of possible
final states. Considering these experimental constrains the study proposed an experimental
search at the LHC with final states with exactly one low momentum hadronic 7 candidate, one
central jet from initial state radiation (ISR) with high transverse momentum, and large pfss.
The presence of the ISR jet creates a recoil effect that allows to generate a kinematic boost to
the event topology by creating a natural difference in the direction of the associated Y%’s in the
event. This allows the indirect detection of ¥{’s in the event through large measured values of

pRiss. Figure [6.2] shows a sketch of the effect of the ISR jet in the event topology.

69
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Figure 6.1: Electroweak SUSY production of 7 without ISR jet (left), and including the ISR
jet a pm*ss due to the neutralinos is generated.

Since the outcoming particles from each 7 decay are collimated in the original boost direction
(Figure [6.1] left) they will have on average opposite directions (back-to-back). Therefore
the presence of Y candidates will not be detected as p?**. Nevertheless, when an ISR jet
is required in the event topology the ISR boost changes the back-to-back direction of the
associated 7 products allowing the indirect detection of neutralinos as large p2** (Figure [6.1]

right). Mathematically, if we estimate the conservation of momentum we expect:

pr = prf
0 = pr(v?) +p1(r) +pr(X}) + pr(x}) (6.1)

As mentioned before, if we include an ISR jet in the compressed region (pr(x?) >> pr(7))

we get:

G = pr(et) + () 4+ pr(R) + p1(X°)
"% = () + (). (6.2)

Evidently, this kinematic behavior could lead us to explore the hidden SUSY sector in a
possible experimental scenario. To achieve that purpose, we characterize the simulations of the

hypothetical signal as well as the non-reducible background of this study.

Signal and main background processes

(_

In general, 7’s could be produced directly from interaction between two SM particles or
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indirectly from cascade decays of charginos Y, with i = 1,2, and neutralinos ¥, with j =

1,2,3,4. These decay channels are summarized in Table [6.1].

Table 6.1: Different decay channels for hypothetical 7 inclusive production.

Channel Time arrow — Fraction of o
Direct TEFFS =00 ~ 2%
Indirect | X9x%7 — 7-757F7F)  7ErFrErFN0NYy :
XiXiJ— T T v rErEX v ~ 33%
iXsj = 7EFFFE ) g ~ 64.4%
ISR T

>0

‘~\\ X1
p
R ) ISR )
q q

- q
( R T 0(ztsF
T )

Figure 6.2: Direct 7 channel decay plus ISR jet (top). Chargino/neutralino pairs production
mediated by v/Z? bosons plus ISR jet (bottom:left), and i X3 production mediated by W*
boson plus ISR jet (bottom:right).

Figure [6.2] shows Feynman diagrams for the hypothetical production of signal events
mediated by v/Z° (left) and W= (right) bosons. The jet drawn in the diagram corresponds to
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an emission before the hard scattering (ISR). As explained before, the LHC collides protons at
a center of mass energy of /s = 13 TeV. An ISR jet is identified as a spontaneous radioactive
emission of a gluon or quark, which comes from the partons associated with the accelerated

protons before the hard collisions between bunches occur.

The production of signal and SM background processes was generated using the accepted
high energy packages (Mad-Graph v2.2.3, Pythia v6.146, Delphes v3.3.2) described in
appendix B. For each process, the physical parameter connected with production probability is
the cross-section, which is explained in Chapter 4. The corresponding cross-section can be found
using the simulation packages such as: Mad-Graph and Pythia. Mad-Graph software emulates
the production of a hard process between partons, whereas Pythia handles the fragmentation
process between quarks and gluons, which are related to the strong interaction. Both outputs
are different between each other, one of the reason is that Pythia generates additional jets in
order to reproduce the real hadronic environment, These jets must be matched with the jets
produced in Mad-Graph. To generate physical results between these two packages an algorithm
referred to as MLM is implemented (appendix B) [108]. This algorithm computes an efficiency
corresponding to the matching process, which is needed to obtain the correct values of the
cross-sections. Basically, this algorithm minimizes the distance between partons at Mad-Graph
level and optimizes the minimum clustering energy required by Pythia. On the other hand,
leptons are required to have at least pr(¢) > 10 GeV and |n(¢)| < 2.5, whereas, jets within
pr(j) > 20 GeV in the total pseudorapidity coverage are selected.

Signal samples are produced in the scenario where the R-parity is conserved. Additionally,
we have direct and indirect 7 pairs production, in the indirect case, there are cascades of
x* and x9. Since the composition of these states is still unknown, we have the following
benchmark: first, y* and Y3 are wino-like, whereas, ¥{ is mostly bino. Second, the mass gap
between 7 and ! is less than 50 GeV, which is motivated by the coannihilation region. Finally,
m(7) = 0.5m(x{) + 0.5m(xY) [107]. The syntax in Mad-Graph for signal production is given
by:

import model mssm

define 1+ = e+ mu+ ta+

e— mu- ta-

define 1-
generate p p > ta2+ ta2- j , (ta2+ > ta+ nl), (ta2- > ta- n1) QCD=1 @1

The cross-sections corresponding to the signal are summarized in Table [6.2].

On the other hand, all processes with a similar signature to the signal events are known

as Background of the SM. The understanding of the backgrounds in an experimental study
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73

Table 6.2: Signal cross sections (o).

Signal Point SUSY masses [GeV] o [pb]
1 m(xy) = 100, m(7) = 75, m(x}) = 50 10.80 £ 0.01
2 m(xi) = 100, m(7) = 80, m(x?) = 60 10.76 + 0.01
3 m(xi) = 100, m(7) = 85, m(x}) = 70 10.73 +0.01
4 m(X{) = 100, m(7) = 90, m(x}) = 80 10.71 £ 0.01
5 m(¥i) = 100, m(7) = 95, m(x}) = 90 10.70 £ 0.01
6 m(XE) = 200, m(7) = 175, m(x?) = 150 | 1.331 £ 0.001
7 m(xE) = 200, m(7) = 180, m(x?) = 160 | 1.330 £ 0.001
8 m(xi) = 200, m(7) = 185, m(x?) = 170 | 1.328 +0.001
9 m(X¥) = 200, m(7) = 190, m(x}) = 180 | 1.327 £ 0.001
10 m(X{) = 300, m(7) = 275, m(x?) = 250 | 0.4443 4 0.0001
11 m(¥E) = 300, m(7) = 280, m(x?) = 260 | 0.4436 + 0.0001
12 m(xE) = 300, m(7) = 285, m(x?) = 270 | 0.4431 + 0.0001
13 m(xi) = 300, m(7) = 290, m(x?) = 280 | 0.4425 4+ 0.0001

is fundamental. The most important sources of background in this study are W + jets and

7 + jets.

6.2.1 W + jets background

This background is characterized by the production of a W boson, which can decay into a

lepton and a neutrino or into a quark-anti-quark pair, plus associated ISR or FSR jets. The

W boson can decay [8] 64% of the time into a quark anti-quark pair (W — ¢¢’). In this case,

miss

we have jets and pf

. The p#** in hadronic decays of W bosons results from detector or

reconstruction effects and not from undetected particles. Leptonic decays constitute the 34%
of the W branching fraction: W+ — ¢*y, and W~ — (", with £ = e, =, 7.

the production of a W + jets process, with a subsequent leptonic decay, is presented in the

Figure [6.3].

The syntax in Mad-Graph for the W + jets production is given by:

import model sm
define w = w+ w-

generate p p > w

add process pp > W j

@0
o1

add process pp >w j j @2

The piiss

in this case is related with the undetected neutrinos (v;). A Feynman diagram representing
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q b
q
P

q ve

Figure 6.3: Feynman diagram associated with W + jets production.

6.2.2 7 + jets background

Drell-yan is a SM process due for the annihilation of quarks in a high energy collisions,
creating a virtual photon () or a Z boson. The dominant branching fractions of the Z boson
are: 10% decay to leptons (Z — ¢t~ with £ = e~,u~,77), 20% to neutrinos (Z — v,17), and
the remaining 70% decays to a quark-anti-quark pair (Z — ¢q) [8]. Figure [6.4], shows the
corresponding Feynman diagram for the production and decay of a Z boson () into a pair of

oppositely charged leptons.

€+
)z

Figure 6.4: Feynman diagram associated with Z + jets production.

The syntax in Mad-Graph for the Z + jets production is given by:

import model sm
p b b~

e+ mu+ tat+

define pr
define 1+

define 1-

e— mu- ta-
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generate pr pr > 1+ 1- /h @0
add process pr pr > 1+ 1- j /h @1
add process pr pr > 1+ 1- j j /h @2

Note that, the contribution of the Higgs boson (/h) is removed. Finally, Table [6.3]

summaries the cross-section associated with each background of the SM.

Table 6.3: Background cross sections (op).

Process o [pb]
v/ Z(— 20/2v) + jets | 2240+ 5
W(— lv) + jets 31800 + 62

Event selection criteria

(_

The event selection criteria used in the phenomenological analysis was aimed to reduce
the background component at the lowest possible level while keeping a high signal rate.
Additionally, experimental constraints related to the available trigger system, as explained
in Section 3.3, the minimum pt thresholds for leptons and jets, and the detector acceptances
at ATLAS and CMS were also taken into consideration. Table [6.4] summarizes the final event

selection criteria used in the study.

Table 6.4: Selection criteria for a hadronic 75, and an ISR jet. Where the ISR is the highest-pr
jet in the event.

Criteria Value

N(jlead) & N(J'others) ——1& Z 0
pT(jlead) & pT<jothers) Z 100 & Z 30 GeV
|n(jlead&othe7’s)| S 25

N(Th) ==

pr(7h) > 15& < 35 GeV

|7 (7)] <23
N(em/u~) & N(b— jets) ==0
AR(7h,]) > (0.4 (Overlap removal)
P > 230 GeV

The Signal Region (SR) is defined by the set of selections found in Table [6.4]. The threshold

used in each criterion was obtained by using a figure of merit known as statistical significance

(S), given by [109]:
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Ns
S=—_5 6.3

The optimization was performed using as benchmark scenario the sixth signal point in
Table [6.2]. To begin with, jets were constrained to the central region of the detector,
In(G)| < 2.5, because the ISR jet is expected to boost the pf**. The pr(j**?) threshold
was chosen upon experimental trigger constrains, determined using published articles from
ATLAS and CMS, and also through optimization. The selection of the highest pr-central
jet as the ISR jet has a generator-level matching efficiency of 95% [107]. Events were also
required to have exactly one 7, with 15 < pr(m) < 35 GeV and |n(m,)| < 2.3. The 7,
candidate and the jet must not overlap; this is accomplished by using an 1 — ¢ requirement
defined as AR(,,j) = \/m > 0.4. To reduce the contribution of background events
from processes with real (prompt) light leptons (muons and electrons), such as W + jets,
Z + jets, and tt, the analysis vetoed events with well reconstructed electrons and muons with
pr(e”/p~) > 10 GeV and |n(e”/p)| < 2.5. To further reduce the contribution from tt, events
with jets with pr(b— jets) > 30 GeV and |n(b— jets)| < 2.5 tagged as b-jets were not allowed.
Figure [6.5] shows the pr distribution normalized to unity for the leading jet (left) and the 7,
(right) for two different signal points and the main backgrounds. These distributions help to

motivate the pr thresholds used in the analysis.
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Figure 6.5: ISR jet and 75, pr distributions normalized to unity for two signal benchmark points
and the main background processes.

miss

Requiring high values of p7*** reduces the QCD background contribution to a negligible
level. Figure [6.6] shows the pJ*¢ distribution normalized to unity for the signal and
background. The p&s* distribution for signal has a significantly broader spectrum when

compared to the background due to the presence of neutralinos (x?). The best value of the
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signal significance was measured to be p2** > 230 GeV.
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Figure 6.6: p@s* distribution normalized to unity for two signal benchmark points and the
main background processes.

Since the ISR creates a recoil effect in the event topology, the p#*, i’ and 7, are then

miss

naturally correlated. Therefore, the best signal significance was obtained by scanning the p
versus pr(7y,) space. Figure [6.7] shows the yields of this optimization, where the best values
are found between 15 < pr(7,) < 35 GeV for pi*ss > 230 GeV.

Other sets of variables were explored, such as angular correlations between 7, and jets,

miss

angular correlations between jets and the pf*s*| the scalar sum of the pr of jets (Hr) and the

miss

ratio between p*** and pp (jlead)

. Nevertheless, neither of these observables showed a significant

improvement in the final result.

Analysis and results

(_

miss

The transverse mass (mr) distribution between the 75, and the p*** was used as the main
observable to study the sensitivity of the analysis. The mt was found as the observable
that gives the best signal-background separation. Equation (4.14) shows the mr definition
mathematically. Figure [6.8] shows the final expected yields for signal and background, after
applying all of the event selection criteria described in Section 6.3. The expected yields were
calculated assuming an integrated luminosity of 30 fb~! at the LHC. The low mr region is
mainly dominated by the background, whereas in the tail of the distribution the signal stands

above the background.
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Figure 6.7: pr(75,) vs pi¥* optimization process, setting p%4(j) > 100 GeV, pr(,) > 15 GeV,
and extra leptons and b-jet vetoed.
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Figure 6.8: mt(m,, p***) distribution for the main backgrounds and two chosen signal points.
This distribution is presented after all selections.

Using the mr (75, p®s*) distribution, the sensitivity of the analysis was estimated following

a test statistic approach based on a profile likelihood ratio. The p-value is calculated as the

probability under a background-only hypothesis to obtain a value of the test statistic as large as
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that obtained with a signal plus background hypothesis. The significance, z, is then determined
as the value at which the integral of a Gaussian between z and infinity results in a value equal
to the local p-value [107]. The likelihood ratio is calculated using the number of expected signal
events, s;, the estimated background b;, and the observed data d; [110]:

X — HXi’ (6.4)

with

_(Si—l-bi)( 4+ b)dl —bib{ii
e s; +b; e i}
Xi= ;! / d;! (6:5)

The confidence level to have a signal plus background hypothesis is:

n sz-i-b ) S + b ) i
CLawy = Pop(X < Xobs) = ) H (6.6)
X(d))<x(d;) =1

Where X (d; is the statistical test in each bin 4, and the sum runs over the final value X (d;).

The complete expression requires the background only-hypothesis as well.

CLy = Py(X < Xops), (6.7)

Finally, the frequentist confidence level C'L, can be estimated as:

CL, = CLywy/CL. (6.8)
Significance, m(% = %m(%) + %m&g) Significance, m(t) = %m&f) + %m&?) 10% Systematic U.
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Figure 6.9: Signal significance using the shape based statistical analysis of the mr distribution.
No systematic effects (left) and including systematic effects (right).
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The proposed methodology provides 50 and 3¢ significance for ¥i masses up to
approximately 250 and 300 GeV respectively, in the compressed scenario m(7) — m(x?) < 25
GeV. The results presented in Figure [6.9] were estimated considering a 10% flat systematic
uncertainty and without systematic uncertainties in order to determine the effect on the results.
The main sources of systematic uncertainty are 6% of 73, identification, 5% for ISR modelling,
and 1% for trigger effects [107]. As a conclusion, this study proposed a new experimental
technique to study the very compressed mass spectra region with taus, m(7) — m(x}) < 25
GeV, and showed potential to study experimentally )H—L masses up to 300 GeV. It is important
to mention that the compressed region with taus has been quite difficult to study experimentally.
In the next Chapter, we present the complete experimental study based on a data sample of
L =T77.2 fb=! of pp collisions, collected by the CMS experiment during the 2016 and 2017 runs.
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Experimental analysis

The experimental search considered final states with exactly one 7, candidate, one high pr
central jet, and large p**. This final state allows to explore the SUSY compressed mass sector
with 7 leptons, where experimental sensitivity is very limited. The analysis was conducted
using 77.2 fb~! of proton-proton data at /s = 13 TeV, collected in 2016 and 2017 by the CMS
detector at the CERN LHC. The data is found to be in agreement with the SM background
expectation. Therefore, upper limits are set at 95% confidence level (CL) on the production

cross-section as a function of Y and 7 masses.

The details of the experimental analysis are presented in the sections that follow.

(_

Strategy

As shown in Table [6.1], the hypothetical production of 7 particles through electroweak
processes can occur directly or trough electroweakinos (Y5, X9). Final states include two or
more 7 leptons, pP®** from associated Y{’s and neutrinos, and an ISR jet. Nevertheless, as
explained in Chapter 6, 7, candidates from the signal, in compressed mass spectrum scenarios,
can be lost in reconstruction due to their low pr. Therefore, the experimental analysis selected
events with exactly one 73, candidate, large p***, and a high pr ISR jet, which coincides with the
methodology proposed by the phenomenological study. In addition, the selection of exactly one
7, candidate allowed to reduce background events from Z(— 7,7,), diboson (WW, ZZ, WZ),
and processes from light-flavor interactions referred to as Quantum-Chromodynamics (QCD

Multi-jets). Figure [7.1] shows the 75, multiplicity (N (7)) for signal events with Am(X{, X)) =

50 GeV. Note the fraction of events with more than one 73, is very small, which validates the

criterion chosen at [107].

In the experimental analysis, the my distribution was also found as the best observable
to search for the presence of signal events in data. The final event selection criteria used
in the experimental analysis are summarized in Table [7.1]. The thresholds selected for the

different variables will be explained in Section 7.4. Note the selection criteria used for the
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Figure 7.1: 75, multiplicity for two representative signal points m(x}) = [150,250] GeV in the
compressed region, which includes the processes X7 X9, Xi X1, X1 X1, X9X3, where X X3 is the

largest contribution.

experimental analysis is quite similar to that used in the phenomenological search. The main

:lead , miss
J

difference between the two studies comes from the inclusion of a A¢(j***?, p***) requirement in

the experimental analysis, used to reject QCD Multi-jets events [111].

Table 7.1: Event selection criteria of the SR.

Criteria Value
Basic Remove cosmics & MET Filters
N(jlead) & N(jothers> ——1& Z 0
pT<jlead) & pT(jothers) > 100 & > 30 GeV
|n(jlead&others)| S 2.5
Isolation/jlead&others) Loose & Tight in 2017
N(Th) ==
pr(Th) > 20& < 40 GeV
n(m)| <23
Isolation(7y) Tight
Hps Old Decay Mode Finding 1 prong
N(e /u~) & N(b— jets) ==
Isolation(b — jets) Medium WP
QCD rejection cut Ag(jlead pmiss) > (.7
piss > 230 GeV

PFMet with HF and type-I corrections, MET-v2 in 2017

The final estimation of the main backgrounds in the signal region is based on methods
that use data and simulation. Background events with a small contribution, roughly less than

3%, are estimated only using Monte Carlo predictions. The main backgrounds in the SR are:
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Z + jets, W + jets, tt and QCD Multi-jets, while diboson and single-top correspond to small
contributions. The different methods used to estimate the main backgrounds are based on the
so-called control regions (CR). A CR is characterized by a dominant contribution of events from
a background of interest. A CR can be obtained by changing one or more conditions in the
selection criteria for the signal. The changes aimed to significantly enhance the contribution of
a given background. For example, if criterion X is good to reject over 90% of background B;
is likely that by inverting X one can obtain a region where B; is the dominant contribution.
A CR can be used for different purposes, such as measuring the agreement between data and
simulation to derive factors to correct the normalization and shapes, and to assign systematic

uncertainties in the signal region.

After the detailed study of the expected contribution of each background in the signal

region, the mr (7, pptss

) distribution is used to search for any possible enhancement of data
events above the prediction of known SM processes. If no significant deviation is found between
the observed data and the expected SM background, upper limits on the signal production
cross-section are set as a function of transverse mass (Equation (7.1)) at 95% CL. Systematic

and statistical uncertainties are included in the limit calculation as nuisance parameters.

(7, %) = \/QpT () |p2"™"**| (1 — cos Ay, pmiss) (7.1)
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(_

Data and MonteCarlo samples

The data used in this research come from proton-proton collisions to the center of mass
energy /s = 13 TeV carried out during 2016 and 2017. Figure [4.7] shows the integrated
luminosity of L = 37.82 fb~! and L = 45.39 fb~! for 2016 and 2017. Nevertheless, the
available data is L = 35.9 and 41.3 fb~! respectively, which are validated by the Data Quality
Monitor (DQM) at CMS. All storage information is certified by the JSON files:

e Cert_271036-284044_13TeV_03Feb2017ReReco_Collisions16_JSON.txt

o Cert_294927-306462_13TeV_E0Y2017ReReco_Collisions17_JSON.txt

7.2.1 Data samples

The main source of data for this analysis is the MET and SingleMuon samples. The
MET sample selects data with a p2** requirement maintaining unbiased the selections over
leptons. The SingleMuon sample is used to performed trigger efficiency studies and 7 kinematics

emulation through muons. Table [7.2] shows the certified datasets.

Table 7.2: Certified dataset used in this experimental analysis.

Physics Sample Official CMS Datasets

Run 2016B Met Run2016B-03Feb2017 /Met /Run2016B-03Feb2017-v3/MINIAOD
Run 2016C Met Run2016C-03Feb2017 /Met /Run2016C-03Feb2017-v1/MINTAOD
Run 2016D Met Run2016D-03Feb2017 /Met /Run2016D-03Feb2017-v1/MINIAOD
Run 2016E Met Run2016E-03Feb2017 /Met /Run2016E-03Feb2017-v1/MINIAOD
Run 2016F Met Run2016F-03Feb2017 /Met /Run2016F-03Feb2017-v1/MINTAGD
Run 2016G Met Run2016G-03Feb2017 /Met /Run2016G-03Feb2017-v1/MINIAGD
Run 2016Hv2 Met Run2016H-03Feb2017 /Met/Run2016H-03Feb2017_ver2-v1/MINTAOD
Run 2016Hv3 Met Run2016H-03Feb2017 /Met /Run2016H-03Feb2017_ver3-v1/MINIAOD
Run 2016B SingleMu Run2016B-03Feb2017 /SingleMuon/Run2016B-03Feb2017_ver2-v2/MINIAOD
Run 2016C SingleMu Run2016C-03Feb2017 /SingleMuon/Run2016C-03Feb2017-v1/MINIAGD
Run 2016D SingleMu Run2016D-03Feb2017 /SingleMuon/Run2016D-03Feb2017-v1/MINIAOD
Run 2016E SingleMu Run2016E-03Feb2017 /SingleMuon/Run2016E-03Feb2017-v1/MINIAGD
Run 2016F SingleMu Run2016F-03Feb2017 /SingleMuon/Run2016F-03Feb2017-v1/MINIAGD
Run 2016G SingleMu Run2016G-03Feb2017 /SingleMuon/Run2016G-03Feb2017-v1/MINIAOD
Run 2016Hv2 SingleMu Run2016H-03Feb2017 | /singleMuon/Run2016H-03Feb2017_ver2-v1/MINTAOD
Run 2016Hv3 SingleMu Run2016H-03Feb2017 | /singleMuon/Run2016H-03Feb2017_ver3-v1/MINIAGD
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7.2.2] MonteCarlo samples

Table 7.3: Simulated samples used in this experimental analysis.

Process Samples MC Generator | Cross-section [pb]
Z(—00) m > 50 GeV NLO_MG5 5765.4000
Mass-Binned 200 < m < 400 GeV NLO_MG5 7.9077
400 < m < 500 GeV NLO_MGH5 0.4263
500 < m < 700 GeV NLO_MG5H5 0.2390
700 < m < 800 GeV NLO_-MG5 0.0341
800 < m < 1000 GeV NLO_MG5 0.0288
1000 < m < 1500 GeV NLO_MG5 0.0150
1500 < m < 2000 GeV NLO_MGH5 0.0018
2000 < m < 3000 GeV NLO_MG5H5 0.0004
W + jets

HT-Binned 0< HT <70 GeV LO_MG5 61523.508
70 < HT < 100 GeV LO_MG5 1600.976
100 < HT < 200 GeV LO_MGH 1632.534
200 < HT < 400 GeV LO_MG5 436.597
400 < HT < 600 GeV LO_MG5 59.366
600 < HT < 800 GeV LO_MG5 14.626
800 < HT < 1200 GeV LO_MG5 6.677
1200 < HT < 2500 GeV LO_MGH 1.613
2500 < HT < oo GeV LO_MG5 0.039
tt POWHEG 831.76
Di-Boson Ww Pythia8 63.21
Wz Pythia8 22.82
77 Pythia8 10.32
Single-top t-channel-top-4f POWHEG 136.02
t-channel-antitop-4f POWHEG 80.95
tW-top-bf POWHEG 35.6
tW-antitop-5f POWHEG 35.6

QCD Multi-jets
HT-Binned 50 < HT < 100 GeV NLO_MGH5 246700000.0
100 < HT < 200 GeV NLO_MG5 28080000.0
200 < HT < 300 GeV NLO_MG5 1712000.0
300 < HT < 500 GeV NLO_MG5H5 347500.0
500 < HT < 700 GeV NLO_MG5 32100.0
700 < HT < 1000 GeV NLO_MG5 6823.0
1000 < HT < 1500 GeV NLO_MGH 1208.0
1500 < HT < 2000 GeV NLO_-MGH5 120.0
2000 < HT < o0 GeV NLO_MG5 25.3

The simulated samples correspond with the official Monte-Carlo (MC) production generated
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using specialized software such as: Mad-Graph, Pythia8, POWHEG among others in 2016
(miniAOD) and 2017 (nanoAOD). These packages simulate high energy process to leading
order (LO in appendix B), additionally, more accurate calculations to the cross-section require
higher orders known as: next-to-leading order (NLO) and next-next-to-leading order (NNLO)
approximation. Table [7.3] presents the MC samples that are used in this analysis, which have

the level of accuracy required.

The simulated samples require extra-corrections. Since the pile-up distribution is different
in the MC and data, the MC is re-weighted following the process explained in Section 4.7. In
addition, the trigger effect must be studied in both MC and data in order to maximize the
efficiency of the trigger selection in this study. We discuss the election of the trigger and its

efficiency for this research in the next section.
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(_

Trigger selection

Data events were filtered using triggers based on p&ss:

e HLT_PFMETNoMul20_PFMHTNoMu120_IDTight: 2016 and 2017

The behavior of the trigger was studied in a dedicated CR dominated (enriched) with
W (— pv)+jets events. Table [7.4] presents the event selection criteria used to obtain the
W(— uv)+jets CR. Data events were filtered using a single muon trigger, see Table [7.4].
The pr(u) threshold is set to be over the plateau of the trigger efficiency turn on curve
(HLT_IsoMu24_v). The p%¢ > 50 GeV selection was used to suppress events from QCD
Multi-jet processes. The N(b — jets) = 0 selection reduces significantly the contribution from
tt and single-top events. The jet pr criterion was reduced to 30 GeV to study the trigger
efficiency as a function of pr(j) motivated by its strong correlation with p**s. In addition,
since the trigger strongly depends on p**¢, the efficiency as a function of this variable was also
studied.

Table 7.4: Event selection criteria for trigger efficiency studies.

Criteria | Value
Single muon selections
Trigger(u) HLT_IsoMu24_v & IsoMu27 in 2017
N(p) >1
pr(p) > 30 GeV
n(1)| <21
Isolation(u) Tight
N(j) > 1
pr(j) > 30
()] <25
Isolation(j) Loose & Tight in 2017
N(b— jets) 0
Isolation(b — jets) Medium WP
phiss > 50 GeV
Trigger (p™) HLT_PFMETNoMul120_PFMHTNoMu120_IDTight

The trigger efficiency was calculated using the tag and probe method [112]. The
denominator, referred to as tag events, is defined as the events that pass the selection criteria
outlined in Table [7.4], except the Trigger(pmi**) requirement. The numerator, probe events,

are defined as those passing all the selections in Table [7.4]. The efficiency is measured as the
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ration of between probe and tag events:

N(,u + Trl'gge,r(prTm'ss))W(%,Lw)+jets
ET,’,,Z'gger(pmiss) — I (72)
T N(M) W (—pv)+jets

The trigger efficiency was studied in two scenarios. The first scenario corresponds to the
methodology explained above. In the second scenario, the muon is treated as v, which means
that the pr(u) is vectorially added to the p2*. This is done in order to study the trigger
performance with different p2*** conditions. Note that the W~ (— 7o) — 7,00 case, which has

a similar topology as our final state, lays between these two scenarios.

7.3.1 Scenario 1: y is not treated as a neutrino (v)

The firing of the trigger is studied for several samples. Figure [7.2] left shows the trigger
efficiency as function of pss for W(— pv) + jets simulated events and data. The expected
contribution of other non- W (— uv) + jets processes is subtracted from data using simulation.
Figure [7.2] right shows the trigger efficiency as a function of p*** for all the expected events
from simulation and the observed data. Note that the data-simulation agreement improves as

miss

PP increases; there is agreement around the plateau of the trigger turn-on curve and beyond.
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Figure 7.2: Trigger efficiency in case one (u is not treated as v) for expected W (— uv)+jets
events in data. NPata—nonW(=w)tiets (hlye points left), and nominal W(— pv)+jets sample
(red points left). All data sample N (blue points right), and all background MC samples
(red points right).
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Figure [7.3] left shows the comparison between data and data minus non- W (— pv) + jets
events. From this comparison it is clear the contribution from non- W(— uv) + jets events is
small and mainly distributed across low p*** values (below 150 GeV). Figure [7.3] right shows
the region between 200 and 300 GeV, where it can be seen that the efficiency reaches over 98%
for piss > 210 GeV.
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Figure 7.3: Trigger efficiency in case one (i is not treated as v) for expected W (— uv)-+jets
events in data. [NPata—nonW(=um)tjets (hlye points left), and all data sample (red points left). A
zoom above 200 GeV is performed for viewing the trigger behavior on the plateau of the turn
on curve (right).

7.3.2| Scenario 2: y is treated as a neutrino (v)

miss

In this case, the pr of the selected muon is vectorially added to the p***. This allows to
emulate a situation with a larger p*** spectrum. The firing of the trigger is studied for several
samples. Figure [7.4] left shows the trigger efficiency as function of p&*** for W(— uv) + jets
simulated events and data. The expected contribution of other non- W (— uv) + jets processes
is subtracted from data using simulation. Figure [7.4] right shows the trigger efficiency as a
function of p*s* for all the expected events from simulation and the observed data. Note

that the data-simulation agreement improves as p7**® increases; there is agreement around the

plateau of the trigger turn-on curve and beyond.

Figure [7.5] left shows the comparison between data and data minus non- W (— pv) + jets
events. From this comparison it is clear the contribution from non- W(— uv) + jets events is

small and mainly distributed across low pf*** values (below 150 GeV). Figure [7.5] right shows
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the region between 200 and 300 GeV, where it can be seen that the efficiency reaches over 96%
for pmiss > 210 GeV. Since the final state is expected to have a large p*** spectrum, the trigger

efficiency is measured using this second scenario, where the muon is treated as a v.
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Figure 7.4: Trigger efficiency in case two (p is treated as v) for expected W (— uv)+jets events
in data. NPata—nonW(=m)tiets (hlue points left), and nominal W (— pv)+jets sample (red
points left). All data sample N9 (blue points right), and all background MC samples (red
points right).
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Figure 7.5: Trigger efficiency in case two (p is treated as v) for expected W (— uv)+jets events
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7.3.3 ps and pr(j) trigger correlation

As mentioned before, the ISR kinematic boost generates a correlation between the j**# and

miss

priss - Additionally, since the trigger depends on the p™*** a two dimensional (2D) correlation

miss

plot between the pr (i) and the pf¥*** is appropriate to understand the performance of the
trigger. Figure [7.6] shows the trigger efficiency as a function of the correlation between p(j'°*?)
and pss. Note that, efficiency values over 96% are obtained for the minimum threshold of
pr(if) > 100 GeV and p#*** > 230 GeV. It is worth mentioning that these values match the
ones previously obtained in the phenomenological analysis through optimization for best signal

significance.

JetPtVSMET JetPtVsMET

[GeV]
[GeV]

miss

T
miss

T

E
E

m 073
073 079 0.38 080
044 078
0n

oasaso s
039 031 043
032 030 037 030 038

||
350 550 600

200 250
pT(Ieading jet) [GeV] pT(Ieading jet) [GeV]

Figure 7.6: Trigger correlation between pr(j**@) and the pi*** The efficiency is entirely based

on data in the kinematic pr-regions given by: pr(j'®?) = [50,300] GeV (left), and pr(j'*d) =
(300, 600] GeV (right).
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(_

Optimization studies

The optimization of the SR was performed using both: trigger efficiency constraints
obtained in the previous section (pr(j**?) > 100 GeV and p7* > 230 GeV ) and the figure of
merit described by Equation (6.3).

Ng
S = ——, 7.3
vV Ng + Np ( )

Table [7.5] presents the preliminary event selection criteria for the optimization studies.

Table 7.5: Event selection criteria for optimization studies.

Criteria Value
Trigger(p%”ss) HLT_PFMETNoMu120_PFMHTNoMul20_IDTight
N(le(ld) & N(jothers) ==1& Z 0

pT(jlead) & pT(jothers) Z 100 & Z 30 GeV
‘n<jlead&others)‘ < 25
Isolation/jleadéothers) Loose & Tight in 2017
N(Th) ==1

pT(Th) > 20 GeV

n(m)| <23

Isolation(7y) Tight

Hps Old Decay Mode Finding 1 prong
N(em/u~) & N(b— jets) ==

prpes > 230 GeV
Isolation(b — jets) Medium WP

Overlaps removal AR > 0.3

The pr(1,) was optimized using two approaches. In the first one, the pr(7,) is set as a
minimum threshold (pr(7,) > p%} GeV), where pi starts at 20 GeV and it is varied in steps
of 10 GeV. Figure [7.7] shows the minimum pr(7,) optimization yield for three different signal
points, where the LSP masses are set to [270, 360, 450] GeV. Note that the maximum value of
significance is Sy = 0.485 for the m(¥?) = 270 GeV signal point.

In the second approach, the pr(7;,) is considered as a maximum threshold (20 <pr(m,) < p%
GeV), where pi starts in 30 GeV and it is varied in steps of 10 GeV. Figure [7.8] shows the
maximum pr(7,) optimization yield for three different signal points, where the LSP masses
are set to [270,360,450] GeV. Note that the maximum value of significance is Sy = 1.770
for the m(x}) = 270 GeV signal point. Following the results, the final criterion is set to
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in the phenomenological study. In addition, since a profile binned likelihood is performed to

search for signal, using the mr (7,
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Events were required to have exactly 7, candidates with exactly 1 prong (Hps
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algorithm 4.3.1) to minimize the presence of misidentified jets as hadronic taus. This selection
allows to reduce significantly the contribution of QCD Multi-jets events which is especially

miss

dominant in the high mass tail of the my(7, pf****) distribution.

As explained before, the pp(j'°*?) was initially studied using the 2D correlation trigger
efficiency [7.6]. In addition, the optimal threshold for the pr(j'**?) was also studied using
the best signal significance by setting pr(j**?) as a minimum threshold (pr(j**¥) > pi. GeV),
where pi, starts in 100 GeV based on trigger constrains, and it was varied in steps of 10 GeV.

j'ead) optimization yield for three different signal points, where the

Figure [7.9] shows the pr(
LSP masses are set to [270,360,450] GeV. Note that, the maximum value of significance is
Simaz = 1.197 for the m(x?) = 270 GeV signal point. Values above 100 GeV do not generate
relevant changes in the significance, which motivates the minimum threshold selection obtained

from the trigger efficiency studies. The final selection is pr(j'*?) > 100 GeV.
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(_

Background estimation

For this analysis, various factors are to be considered to obtain the expected background
contribution in the SR. Among these factors are the modelling of ISR jets in simulation,
the 7, and b-jets identification efficiencies, and the modelling of p2**. Additionally, the
QCD-Multijets contribution requires a fully data-driven approach due to the lack of statistics
in the MC, which causes mismodelling of this background in the tails of the mr(7,, pris*)
distribution. In the subsections that follow, the background estimation methodology is

explained.

7.5.1 Boost ISR weights

To understand the ISR jet modelling in simulation, a sample enriched with Z(— uu)+jets

MiSs

events is used. Note that this CR is expected to have no real pi'*** contribution. In this way,
any effect related to data-simulation differences in the pfs* efficiency (€pmiss) is decoupled. The
excellent reconstruction of muons at CMS, which have a significantly lower misidentification
rate (fake rate) with respect to 7, candidates, allows to have a high purity of Z(— pu)+jets
events. Moreover, the lepton universality can be used to obtain the expected kinematic of ISR

plus taus Z(— 77)+ ISR jet. The number of events is defined as:

2
NZ—W,M =0z" Lint * €, " €ISR " €others, (74)

where o is the production cross-section, L, is the integrated luminosity, €, is the muon
reconstruction efficiency, €;sg is the efficiency of the ISR modelling, and €., is the efficiency

of other sources of this CR. Figure [7.10] shows the Feynman diagram that describes this CR.

To obtain this CR, a muon pair (uu) with invariant mass compatible with Z-mass peak
(80 < m(pp) < 100 GeV) is required. Selected muons must be within of the central
pseudorapidity coverage (n(u) < 2.1) and have a pr(u) above the plateau of the trigger turn-on
curve (> 30 GeV). Jets were selected with the same selection criteria used in the SR. Table [7.6]

summarizes the event selection criteria for this CR.

The presence of the ISR jet creates a natural boost in the event topology and consequently
the Z boson is not produced at rest. Therefore, the Z boson is produced with non-null transverse
momentum, which can be measured by calculating vectorially the transverse momentum of the

di-muon pair.
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Figure 7.10: Feynman diagram associated with the Z(— uu)+ISR jet production.

Table 7.6: Event selection criteria for Z-boost ISR weights.

Criteria Value
Trigger(u) HLT_IsoMu24_v & IsoMu27 in 2017
N(p) ==

pr(p) > 30 GeV

()] <21

Qul X QHQ —1[08]
m(ppz) > 80& < 100 GeV
Isolation(p) Tight

N(jlead) & N(jothers) ==1& Z 0
pT(jlead> & pT(jothers> > 100 & > 30 GeV
|n<jlead&others)| < 2.4
Isolation jlead&others) Loose & Tight in 2017

Figure [7.11] shows the transverse momentum of the di-muon pair (Z-boost) and the Hr
distribution, defined as the scalar sum of the pr of all jets. These plots expose the disagreement
between data and MC due to the kinematic boost caused by the ISR jet. There are two
convoluted effects to be considered, the ISR kinematic boost and the jet energy resolution. In

order to study the first effect, we use the jet recoil (@) defined as:

ﬁ_—C%m“+Z), (7.5)

where p1™** is the vectorial missing transverse momentum and Zr is the transverse
momentum of the Z boson, obtained using the momentum vector sum of the two selected
muons. Note that by construction « is not parallel to Zp. Therefore, to study the ISR jet recoil

effect over Zr the projection of # along Zr is obtained (7'7):
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Figure 7.11: Z-Boost [GeV] (left) and Hr [GeV] (right) distributions for Z(— uu)+ISR (2016).

rr =

—

Zr -

| Zx|

(7.6)

Figure [7.12] shows the parallel recoil of the ISR jet. Note there are differences in the data
to simulation agreement. Therefore, correction factors must be applied.

Figure 7.12: Jet Recoil Parallel to Z-Boost [GeV] (2016).
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In order to obtain the correction factors for |2T|, a weight for each bin is extracted directly
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from the data/MC ratio plot in Figure [7.13], left. Figure [7.13] right shows the | Zp| distribution
after the applying the weights. Figure [7.14] shows the Zr distribution with 2017 data.
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Figure 7.13: Z-Boost [GeV] distribution without boost weights (left) and after applying weights
(right) for events in the Z(— uu) + ISR jet control region (2016).

Table [7.7] shows the ISR weights obtained directly from these distributions, the errors are

purely statistical. There is an agreement between the weights for 2016 and 2017 data. The

correction for the ISR modelling falls between 6-11%, which is consistent with other studies
performed by the SUSY group [111].

Table 7.7: Event weights by Z-Boost for 2016 and 2017 datasets.

Jet recoil bin [GeV] 2016 2017

1: 0-50 1.12 £ 0.03 | 1.09 £ 0.02
2: 50-100 1.10 £ 0.01 | 1.11 +£ 0.01
3: 100-150 1.07 £ 0.01 | 1.08 £ 0.01
4: 150-200 1.06 &= 0.01 | 1.07 £ 0.01
5: 200-300 1.02 £0.01 | 1.02 £ 0.01
6: 300-400 0.95 £0.02 | 0.94 £ 0.01
7: 400-600 0.86 £ 0.03 | 0.84 = 0.02
8: 600-1000 0.78 £ 0.11 | 0.79 £ 0.05

Figure [7.15] presents the validation of the ISR weights in the parallel recoil 7 distribution
for both 2016 and 2017 datasets. There is an agreement between data and MC, which falls in a

resolution ~ 5% consistent with the resolution scale at CMS. Therefore, no further correction
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in ISR modelling is needed.
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Figure 7.15: Parallel recoil r1 [GeV] after applying ISR boost weights for 2016 (left) and 2017
(right).

As a conclusion, the ISR weights generate an improvement in the ISR modelling in MC,
which is consistent with the scale resolution of jets at CMS. The validation test showed a good
correction for the ISR jet in this analysis. A closure test in another orthogonal CR is presented

in the following section.
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7.5.2| Validation of ISR weights using W (— uv)+jets events

In order to validate the ISR weights obtained from the enriched Z(— pu)+ ISR jet region,
a new CR enriched with W(— uv)+ ISR jet events was used. Figure [7.16] shows the Feynman
diagram associated with this CR.

Figure 7.16: Feynman diagram associated with the W(— uv)+ ISR jet production.

Table 7.8: Event selection criteria for ISR weights validation.

Criteria Value
Trigger(u) HLT_IsoMu24_v & IsoMu27 in 2017
N () ==

pr(p) > 30 GeV

n(w) <21
Isolation(p) Tight

N(jlead) & N(jothers) ——1& > 0
pr(i?) & pr (i) > 100 & > 30 GeV
|7,I<jlead&others)| < 2.4
Isolation/jlead&others) Loose & Tight in 2017
pmiss > 230 GeV
mer(p, pres) 60 > & < 100 GeV
QCD rejection cut Ag(jlead pmiss) > 0.7

The event selection criteria selects events with exactly one muon with |n(u)| < 2.1 and

miss

pr(p) > 30 GeV. Since there is real pf

miss

the same p***® and jet requirements as in the SR were used. In addition, to increase purity, a

, associated with the neutrino from the W decay,
transverse mass cut close to the Jacobian (m(W)) peak was applied (60 < m(u, p**) < 100
GeV). Finally, the Ag(j°*®, pmiss) > (.7 criterion was also used. Table [7.8] summarizes the
event selection criteria used to obtain the W(— pv)+jets CR, which is studied for the 2016
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and 2017 datasets.

As in the previous CR (Z(— pp)+jets), the W is produced with non-null transverse
momentum. Therefore, the ISR weights are applied to this boson to correct the boosting effect
in simulation. Figure [7.17] shows the pr(u) and p** distributions for the 2016 dataset. After
applying the ISR weights the data to simulation ratio has an improvement of around ~ 7% in
both distributions. In addition, the modelling of the shape improves, naturally reducing the

associated systematic uncertainty of the W + jets background in the SR.
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Figure 7.17: Top Row: Muon pr without boost weights (left) and with weights (right); Bottom
Row: p7ss without boost weights (left) and with weights (right) (2016).

Figure [7.18] shows the weights closure test for 2017 data. Data to simulation agreement
is observed. This closure test study gives the confidence to use simulation. By using the ISR
weights, the p7* modelling has an improvement, which is evident in the tails of the distribution.
After this correction, the prediction of W + jets in the SR is studied.
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Figure 7.18: pms distribution after applying Z-boost weights for 2017 dataset.

Table [7.9] presents the yields of each background for this CR in the 2016 dataset.

Table 7.9: Data and background yields in W (— uv)+ ISR jet CR for 2016.

Process Yield

Data 34344

W + jets 23702.10 & 84.32
Z + jets 107.11 £ 3.19
Diboson 383.78 & 11.53
tt 9062.12 £ 59.48
Single Top 1452.41 + 15.39
> Ba 34707.52 + 105.01
SF(Data/BGQG) 0.98 £0.01

Since the scale factor obtained from the yields in Table [7.9] is consistent with unity, the
prediction of the W + jets background in the SR was obtained directly from simulation after
applying the ISR weights and this scale factor.

SF(Data/BG)"W 7€ = 0.98 + 0.01. (7.7)
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7.5.3 7, kinematics emulation using muons

To validate the mr shape and expected yields obtained for W + jets from simulation an
emulation of the 75, kinematics was performed using a CR with muons. The method is described

in the following items:

e Estimate the fraction of 7 momentum taken by the visible products (75). This fraction is
defined as R(p7") = p™CC /pree where plf*" is the momentum of the 7 at generation
level before it decays, and p%h’RECO is the reconstructed transverse momentum of the 7,
candidate. The minimum reconstructed value of pr is 15 GeV, which is matched with
the corresponding 7, using a matching requirement given by AR(7Tyen, Th,reco) < 0.4.
The fraction of momentum is calculated for several values of pi*. Figure [7.19] shows

the fraction of momentum carried by the 7, candidate.

5 06

®
0.4

[ 1] p‘Tgen[G 9\/]
' +20-30
012 +30-50

0.

i

L AL L L L L B A |

(1 50-100

0.08 ¥-100 - Inf

0.06

0.04

ve
v 1

0

v ]

N\ Il ‘ L1 ‘ L1 ‘ -\ Il ‘ L1 "'.AMW
0.2 04 06 08 1 12 1, ! . 2

pI,Recolquen

T T

o
I}
=

-

o
SET T

Figure 7.19: Fraction of momentum carried out by the hadronic tau (7).

e (Calculate the matching efficiency, which means how often does a 7, rrco candidate is

matches to true a gen-level 7. The expression is given by:

N (pr(TFFCO (matched)))
N(pr(Tgen))

€Matching = (78)
e (Calculate the reconstruction identification efficiency associated with the reconstruction

algorithms. The expression is given by:

_ N(pr(7#£99 (matched + 1D)))
N N(pr(my#¢9))

(7.9)
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e Emulate the reconstructed 7, kinematics using muons (i.e, muons are treated as Ty,

particle before decay).

miss

e Recalculate the p**® vectorially by adding the four-momentum of the emulated 73, since

the v, contribution cannot be measured.

The lepton universality and the small momentum scale uncertainty for muons (o (pf) < 2%)

Tgen

allows to describe muons as gen-level taus ph & p*". Therefore, the emulated 7 is given by:

pT<Th>Emulated - ptf‘ : R<p¥en) : EMatching “€ID- (710)

miss

Figure [7.20] shows the emulated mr (7, p***) distributions, using the nominal W + jets
MC sample (left) and emulating the 7, lepton using muon events from data (right). The CR
is built throughout the selection that satisfied the SR, but requiring 40 < pr(7,) < 60 GeV
to avoid any overlap with the SR. Agreement is observed across mr (75, p#***) spectrum. The
data/simulation ratio agreement gives further confidence in the simulation. This method is

only used to validate the W + jets simulation.
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Figure 7.20: CR (sideband of the SR) that uses the nominal W + jets MC sample (left), and
emulating the 75, kinematics using the Single Muon sample.
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7.5.4 7, 1D efficiency studies

Since the final state has a 75, candidate it is natural to study the modelling of the
reconstruction and identification efficiencies. To perform the study an enriched sample
with Z(— 7,7,)+ISR jet events was used. Events are required to have two 7, candidates
reconstructed with pseudorapidity coverage of |n(7,)| < 2.1. The pr of the 7,’s is set above 60
GeV to be on the plateau of the turn-on curve of the di-tau trigger (Trigger(7,7,)). In addition,
the di-tau invariant mass is required to be on-shell around the Z boson mass, 50 < m.1 2 < 100
GeV, to reduce the contribution of QCD Multi-jets events. The jet selection is the same as in the
SR, which avoids the low resolution of jets in the outer pseudorapidity coverage (|n(j)| > 2.5). In
order to reduce the fake identification rate of 75, candidates as jets a AR(7y,7) > 0.3 selection is
applied. Furthermore, to increase the purity of this CR, the anti-muon (againstMuonTight3)
and anti-electron (againstElectronMVALooseMVA6) discriminators are applied to reduce the
light-lepton identification fake rate. It is important to note that the ISR weights corrections
were applied to the simulation. Table [7.10] shows the event selection criteria used to obtain
the Z(— 7,7,)+ISR jet CR.

Table 7.10: Event Selection Criteria for Z(— 7,7,)+ISR jet CR.

Criteria Value

Trigger (7, 75) HLT_DoubleMediumIsoPFTau35_Trkl_eta2pl
N(Th) Z 2

pr(Th) > 60 GeV
()| < 2.1 GeV

Qr X Qr2 -1[08]

m.1 -2 > 50& < 100 GeV
N(jlead) & N(jothers) —1& Z 0
pT(jlead) & pT<jothers> > 100 & > 30 GeV
|n<jlead&others)| S 2.4
Isolation jleadéothers) Loose & Tight in 2017
N(b— jets) ==
Isolation(b — jets) Medium WP

Figure [7.21] shows the Feynman diagram associated with the CR Z(— 7,7,) + ISR jet.

The expected number of events depend on the Z boson cross section (oz), the integrated
luminosity (Lin:), the 7, ID efficiency, the ISR efficiency (calculated in Section 7.5.1), and other
possible effects. Equation (7.11) presents all factors that contribute to the expected number of
events in the Z(— 7,7,) + ISR jet CR.
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Figure 7.21: Feynman diagram associated with the Z(— 77)+ISR jet production.

2
Nzsrym, = 07 - Lint - €5, - €1SR - €other (7.11)

Figure [7.22] shows pr(j'°?) and pr(r}) distributions of the Z(— 7,7;,)+ISR jet CR. Note

there is agreement between data and simulation cross the pr(7,) distribution.
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Figure 7.22: pr(j'?) (left) and pr(r}) (right) distribution for 2016 dataset.

Figure [7.23] shows m(7}, 77) and pf** distributions. Since the topology of the final state

requires exactly two taus, the QCD Multi-jets background can contribute with two jets that
are misidentified as 75,’s. The electric charge of this two jets system could have either the same
or opposite sign, which allows to compute a transfer factor to estimate the QCD Multi-jets
contribution in this CR. Figure [7.24] shows the ABCD diagram to compute the QCD Multi-jets
contribution in the Z(— 7,7,) + ISR jet CR.
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Figure 7.23: m(7},77) (left) and pJ*** (right) distribution for 2016 dataset.
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Figure 7.24: Definition of control regions (CR)’s for estimating the QCD-Multijets contribution
in the Z(— m,7,) + ISR jet.

To calculate the QCD Multi-jets background in this CR (region A), the criterion Qfﬁ X QTﬁ

is switched to select events with the same-sign electric charge and all other requirements

are maintained (region B). We will refer to this as the C’Rngf)hm +1sr- The purity of the

C'Rngthh +1sr is calculated to be > 95%. The contribution of other backgrounds in CRB are
subtracted from data (W + jets, Z + jets, tt). The Final QCD-Multijet contribution in the
Z(— ) + ISR jet CR is calculated by taking data events in CRB?S%T}L +1sr and scale them

by a factor of 1.22 +0.12 (1.20 £ 0.15) in 2016 (2017) datasets using Equation [7.12].
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data—driven __ Data—NonQCD 0S
NEra = Ncrs x TFgg, (7.12)

This quantity corresponds to the charge asymmetry between QCD-Multijet events with
opposite and same electric charge [113]. The transfer factor (T'F') is obtained by requiring
two 7, candidates that pass Loose isolation requirement but fail the Tight requirement in the

opposite-sign (D) region, and in the same-sign (C) region using Equation (7.13).

NG9S N9S data — driven
TFS% (data — driven) = N?;D = Ng;ThTHISREdata — dm’veni' (7.13)
CRC Z*)ThTh+ISR

Table 7.11: Background and data yields in the Z(— 77)+ ISR control region for 2016 and 2017
datasets.

Process 2016 2017
Data 665 801

W + jets 6.86 = 1.55 8.8+ 2.0
Z + jets 623.93 £12.57 | 728.1 £14.7
Diboson 6.32 +1.33 6.8+ 1.5
tt 5.24 £ 1.42 9.0+24
QCD 69.92 +10.96 | 84.0£13.2
Single Top 1.56 +0.53 3.24+1.1
> Bo 713.8 £16.7 | 839.9 4+ 20.1
SF(Data/BG) 0.92 £ 0.05 0.95 +0.04

The contribution of Z + jets is scaled by 0.95 x 0.95 for 2016 data and 0.83 x 0.83 for
2017 data (these factors correspond to the POG recommended 5% and 17% corrections per
real 75, leg respectively). Table [7.11] shows the background and data yield for 2016 and
2017 datasets. The data-simulation ratio measured from Z(— 77)+ ISR control region is
0.92 + 0.05 and 0.95 =+ 0.04, which are consistent with each other. Moreover, Figure [7.25]
presents the mr (7, p**) distribution for the 2016 and 2017 datasets, which shows agreement
in the modelling of Z + jets events. Therefore, after applying the correction factors derived so

far, the expected Z + jets background in the SR was taken directly from simulations.
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7.5.5| ti background estimation

The estimation of the ¢t contribution was performed using a semi-data driven approach.
For such purpose, four CR’s, which are characterized by a different b-jet multiplicity and 7,
isolation requirements were studied. Figure [7.26] shows the Feynman diagram associated with
the tt+ISR jet production.

Figure 7.26: Feynman diagram associated with the ¢Z+ISR jet production.

By construction different, each CR has a different background composition and purity. The
definition of each CR is presented in Table [7.12]. All the other event selection criteria are the

same as in the SR.

Table 7.12: Event selection difference between the SR and different ¢Z+ISR jet CR’s.

Region | N (b — jets) | 7 ID isolation | N(Signaltracks)
SR 0 Tight 1

CR1 1 Tight lor2or3
CR2 2 Tight lor2or3
CR1 1 VTight 1

CR2 P VTight 1

As mentioned before, the b-jets are vetoed in the SR and the 7, isolation requirement is
set to as Tight. Four CR’s are built by including one or two b-jets in the final state, which
naturally enhances the fraction of ¢f events. Also, by loosening the 7, isolation requirement the
number of QCD Multi-jets events increases. Table [7.13] presents the event selection criteria
for tt+jet ISR control region. The first CR requires one b-jet in the final selection, which has
high purity in ¢t events. Nevertheless, the QCD Multi-jets contamination is non-negligible.
Figure [7.27] shows pr(7,) and mr (7, p**) distribution for this CR. Note the disagreement
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between data and MC at high-mr.

Events

Data/MC
oopEERNNG

Figure 7.27: pr(m,) (left) and mry(m,

Table 7.13: Event selection criteria for t£+ISR jet CR’s.

Criteria Value

Trigger(pm's®) HLT_PFMETNoMu120_PFMHTNoMul120_IDTight
N(J-lead) & N(jothers) —1& 2 0

pT(jlead) & pT(jothers) > 100 & > 30 GeV
|n(jlead&others S 2.5
Isolation(jleedieothers) Loose & Tight in 2017

N(Th) ==1

pr(Th) > 20 & < 40 GeV

n(7a) <23

Isolation(7y) Tight or VTight

Hps Old Decay Mode Finding: lor2or3 prongs
N(b— jets) ==1lor?2

QCD rejection cut Ag(jlead pmiss) > (.7

piiss > 230 GeV

The second CR requires events with exactly two b-jets in the final state, which reduces
the QCD Multi-jets contribution in the full mr spectrum. This CR has a better data-to-MC

agreement across the full mr spectrum, with respect to the first CR.
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Figure [7.28] shows different distributions associated with the CR1 and the CR2.
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Figure 7.28: Top Row: pr(7,) with exactly 1 b-jet (left) and for 2 b-jets (right); Middle Row:
Jet multiplicity with exactly 1 b-jet (left) and for 2 b-jets (right); Bottom Row: p@** with
exactly 1 b-jet (left) and for 2 b-jets (right) for events with Tight 7, ID (2016).

Note that the data-to-MC agreement is better in all distributions in CR2. Nevertheless, to
further reduce the contribution of fake-7;, candidates CR3 and CR4 were studied. These two
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regions have tighter 7, criteria, VTight (see Table 7.12). This selection reduces the fake rate
by ~ 50%. Additionally, one signal track is selected, which further reduces the fake-7, rate (2
signal tracks for fakes is expected). Figure [7.30] shows some relevant distributions for the CR3
and CR4. These results give a good understanding and confidence of the ¢¢ contribution in the
SR. Since the my-shape is well modelled by MC yields, the contribution of this background was
taken directly from the simulation. In addition, a suitable scale factor was calculated from CR4,
since it had the highest purity, using the my distribution (Figure [7.29]). Table [7.14] shows all
data and MC yield for the 2016 and 2017 datasets. Note there is an agreement between scale
factors for 2016 and 2017 data. Finally, the deviation from unity in the data/MC ratio was fit
to a degree one polynomial, and it was used to assign systematic uncertainty in the mr shape
in the SR (Section 7.6).

Table 7.14: Background and data yields in the CR4 for ¢{+ISR jet events. 2016 and 2017
datasets.

Process 2016 2017
Data 783 915

W + jets 38.72 £ 3.32 41.0 £ 4.5
Z + jets 2.73 +0.47 1.94+0.4
Diboson 0.64 £0.53 0.7+0.7
tt 705.53 +18.89 | 805.8 £ 21.7
Single Top 80.54 +4.35 112.1 £5.0
> Ba 828.2 £82.8 | 961.5 +22.7
SF(Data/BG) 0.94 + 0.05 0.95 4+ 0.04
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Figure 7.30: Top Row: pr(7,) with exactly 1 b-jet (left) and for 2 b-jets (right); Second Row:
Jet multiplicity with exactly 1 b-jet (left) and for 2 b-jets (right); Third Row: pi*** with exactly
1 b-jet (left) and for 2 b-jets (right); Bottom Row: mr with exactly 1 b-jet (left) and for 2
b-jets (right) for events with VTight ID for 7, (2016).
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7.5.6 QCD Multi-jets background estimation

To obtain the contribution of QCD Multi-jets events in the SR a semi data-driven approach
was implemented, using the classic ABCD method. Three CR’s enriched with QCD Multi-jets
events are obtained using side-bands of the 7, isolation requirement, and by inverting the
|Ag(jiea? pmiss)| criterion. Figure [7.31] shows a sketch of the different CR’s. Events in CRA
correspond to the nominal SR, while events in CRB pass the same selections as in the SR
but fail the Tight 7, isolation criterion and pass the Loose point (Loose-Tight). In the
case of CRE (F) it has the same selections as CRB (A) but in addition the |Ap(jee?, piiss)|
requirement is inverted. The estimation methodology consists of using data events from CRB
to predict the shape of the mr distribution for QCD Multi-jets events in the SR. There are of
course several concerns that one might have: Is it possible to obtain the correct shape in the
SR using events from CRB? How the normalization of QCD Multi-jets events can be obtained
in the SR? To answer the first question, we used CRE and CRF to validate that the shape
of the mr distribution is not biased or strongly correlated with 75, isolation. To address the
second question, we had to find a way to measure transfer factor(s) to extrapolate from CRB
and CRA to account for the difference in 7, isolation selection. This was accomplished by
using two additional CR’s enriched with Z(— pp)+jets and W (— uv)+jets events, as shown
in Figure [7.32]. Note that, CRC corresponds to non-isolated 7, events (Loose-Tight) and

CRD contains events passing the nominal Tight 73, isolation requirement.

A«ﬁ(jlead, pﬂTu'SS)

A

0.7 - -

Loose — Ttght Tight Isolation

Figure 7.31: Definition of control regions CR’s to estimate the QCD Multi-jets contribution in
the SR.

The transfer factors are calculated as a function of pr(7,) and are obtained by dividing the

number of events that pass the Tight requirement between the number of events that pass the
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>

Loose — Tight Tight  Isolation

Tight

Figure 7.32: Definition of control regions (CR)’s to measure the Ratio; .. ,onright

i) + T,{“ke and W(— pv) + T}{“ke.

in Z(—

Loose-Tight isolation requirement, which is commonly referred to as tight to loose ratio:

. Tight . CRD
RatzoLOose—nonTight - NLoose—nonTight (7 14)
CRC

Since Z(— pp) events are simple to select and have very low backgrounds (high purity)
when an additional 7, candidate is requested, Z(— pp)+ 75, it is quite likely that such candidate
is a jet that has been wrongly identified as a 7, particle (fake). These events are denoted as
Z(— pp) + T}{“ke. Therefore, since QCD Multi-jets events are composed by jets passing 7
identification criteria, one can then use CR’s CRC and CRD to derive the pr(7,)-dependent

transfer factors and use these factors to extrapolate from CRB to the SR.

The estimation of the expected number of QCD Multi-jets events in the SR is performed
using Equation (7.15), where Ng‘gaB_"O"QCD corresponds to the number of events in data that
fall in CRB after subtracting the contribution of other non-QCD Multi-jets backgrounds using
[ ght are the pr(7;,) dependent transfer factors obtained from CR’s

CRC and CRD. The Feynman diagrams associated with these CR’s are shown in Figure [7.33].

simulation, and Ratio

data—driven __ prdata—monQCD . Tight
NSR - NCRB X RatloLoosefnonTight (pT(Th))' (715)

The event selection criteria that defines the CR’s previously described are summarized in
Table [7.15]. The Z(— pp) + T,{“ke CR requires a well-identified muon pair, with opposite

electric charge, dimuon invariant mass that falls within the Z—peak, and a 7, candidate (fake)

passing the same identification selections as in the SR. The second CR, W(— uv) + 7%

requires one muon and a 7, candidate (fake). In both CR’s, there is spurious pi** associated

with the mismeasurement of jets in Z(— pu) + 77** and real ps* from the production of
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Figure 7.33: Feynman diagrams associated with Z(— pp) + 77 and W(— uv) + 7/ CR’s
to estimate QCD Multi-jets via fully data-driven approach.

a muon-neutrino in the W(— uv) 4 7/*° CR. After subtracting the contribution of other

backgrounds in data using simulation in each CR, the Ratioy o nontight

ight is calculated using

Equation (7.16). For the Z(— uu) + 7“* CR, the number of events is calculated as (data —
nonZ + jets) and for the W(— uv) + 7% CR the number of events is estimated as (data —

nonW + jets).

Table 7.15: Event selection criteria for Z(— puu) + 7 and W(— uv) + /"
Criteria Z(— pp) + 7% W (— pv) + 7%
Trigger HLT_IsoMu24_ HLT_IsoMu24_
N(p) 2 1 & Veto on other p
pr(p) > 30 GeV > 30 & > 10 GeV
()] <21 <21
pr(78) > 20& < 40 GeV > 20& < 40 GeV
1n(73)] <21 <21
Q) x Q(p2) -1 -
N(e")&N(b— jets) - ==
pr(e”) - > 10 GeV
pr(b — jets) - > 30 GeV
piiss > 30 GeV > 30 GeV
m(pr, p2) > 70& < 110 GeV -
me(p, pss) - > 50& < 120 GeV

. Tight
Ratio, ¥

Loose—’rwnTight(data - dmven) =

Tight
NCRD

7/ Wtjes(data — driven)

Loose—nonTight
NC’RC

— NLoosefnonTight

(7.16)

77 W b jets (data — driven)
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Figure [7.34] shows the pr(7,) distributions for events passing Tight isolation (left) and for

events passing the Loose but failing Tight isolation requirement (right) in the Z(— ) —i—T,f ake

region. After subtracting other backgrounds from data, the Ratioﬂ%ﬁi_mnﬂ gnt 18 calculated in
each bin of the pr(7,). Figure [7.35] shows the behavior of this ratio for the 2016 (left) and 2017
(right) datasets. The errors deployed in Figure [7.35] are only statistical. Table [7.16] presents
the different Ratiofiizz_mnﬂ gnt i1 bins of pp(7,) and their associated statistical uncertainties
for the 2016 and 2017 datasets, measured in the Z(— uu) + T,{“ke CR. Note that the weights
are consistent for 2016 and 2017 data. In order to reduce systematic uncertainties in the QCD
Multi-jets background prediction, these values are fitted with a polynomial of degree one, which

is also shown in Figure [7.35].
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Figure 7.34: Top (Bottom) row: Z(— uﬂ)jtT}{“ke region, Tight (left) and Loose-Tight isolation

requirement for 2016 and (2017) data and simulation.

The selection criteria used to obtain the W(— uv) + 7/ CR is outlined in Table [7.15]
as well. For this CR, Figure [7.36] shows the pr(7,) distributions for events passing Tight
isolation (left) and for events passing Loose but failing Tight (right). After subtracting other
backgrounds from data, the Ratiofgg;mnﬂ ght
Z(— pp) + 7" CR. Figure [7.37] shows the behavior of this ratio for the 2016 (left) and 2017
(right) datasets. The errors deployed in Figure [7.37] are only statistical. Table [7.17] presents

the different Ratz’oﬂiﬁi_nonﬂght in bins of pr(7,) and their associated statistical uncertainties

is calculated as function of pr(7,), as done in the
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2016 and (2017) datasets, left (right).

Loose—nonTight

Table 7.16: Region Z(— uu) + 7/°*: Ratio, 9" . gt Values in each bin of pr(7,) for 2016
and 2017 datasets.
2016 2017
pr() [GeV] | Ratioygye nonrigne | Pr(mh) [GeV] | Ratioyge wonrign:
20, 22.5] 0.37 £ 0.06 [20, 22] 0.36 £ 0.04
[22.5, 25] 0.36 = 0.08 (22, 24] 0.38 £ 0.05
25,27.5] 0.38 £ 0.10 (24, 26] 0.30 £ 0.05
27.5, 30] 0.36 £0.10 [26, 28] 0.44 £0.08
130, 32.5] 0.29 = 0.09 28, 30] 0.33 £ 0.07
[32.5, 35] 0.34 £0.13 (30, 32] 0.32 £0.07
35, 37.5] 0.25+£0.19 (32, 34] 0.40 £+ 0.10
[37.5,40] 0.42 £ 0.22 (34, 36] 0.19 £ 0.07
i ; 136, 38] 0.43 £ 0.15
. ; (38, 40] 0.34 £ 0.11

for the 2016 and 2017 datasets. Note that the weights are consistent for 2016 and 2017 data.

As in the previous CR these values are fitted with a polynomial of degree one.

The weights obtained from Z(— pu) + Tf{ake region are used in the final QCD Multi-jets

prediction since this CR has a better purity than the W(— uv) + T}{ake CR. The weights

obtained in the W(— uv) —i—T,{ak

uncertainty on the QCD Multi-jets prediction in the SR. As mentioned before, to obtain the

QCD Multi-jets contribution in the SR we take the shape of the m (7, p#***) distribution from
Tight
ch)gosefnonTight‘

CR were used to perform a closure test and assign systematic

the CRB, and we re-weight the shape using the measured Ratio This methodology

is considered a data-driven approach. Because the pr(7;,) is correlated with the mr(7,, piss)
distribution, we created a 2D histogram to re-weight the mr(7,, p®*) distribution in the

non-isolated region to obtain this distribution in the SR. To address the question: Can we



120 Chapter 7. Experimental analysis

35 m; (13 Tev) 389 'bx‘ (13 Tey)

a T T T T T T 1% = T T T T T T T
& — € ECMS
i == och 2 4500 preliminary —e— Data
) . E cD
[ 4000 E — SV
== SingleTop [ wo
K 3500 =0~ = SingleTop
DY+Jets E E_)Y*JS‘S
3000 — &
et E :'_
I \W+Jets

[SS5 BG stat. uncer.
BG stat. uncer.

20 22 24 26 28 30 32 34 36 38 40
=
S 18 - -
Rt E E
g e — —
1
“ 0gE- = =
0.6 E= = =
2 72 7% 76 75 Eg 3 Ed E EJ 2 22 73 75 %5 EY 32 3 35 35
P (0 [GeV] p_ (1) [GeV]

413 gb}u'a Tev) 41, Cb?(lv Tew)

T T T — T T T

T

ECMET

2 T T
= E £
2 4500 Eworcin progress —+— Data g 4o i progress —+- Data
4000 ; :I QCD
3500 F— = \S/V leT [ SingleTop
E [ SingleTop C1DY+dets
3000 = . . @
E [ ] DY+Jets B W+Jets
I W+Jets BG stat. uncer.

BG stat. uncer.

22 0
s]o

.8 = 1.8 E- -
$ e 3
. A E—e— — —e— =
3 i . .
] $eE E
20 22 24 26 28 30 32 34 36 20 22 24 26 28 30 32 34 36

38
P, (%) [GeV]

38
P, (1) [GeV]

Figure 7.36: Top (Bottom) row: W(— uv) + 77" region, Tight (left) and Loose-Tight
isolation requirement for 2016 and (2017) data and simulation.
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Figure 7.37: pr(7,) dependence of Ratio in the W(— pv) 4 7" region for 2016

and (2017) datasets, left (right).

obtain the correct shape in the SR? We performed a closure test in data by using the enriched
QCD Multi-jets regions (CRE and CRF) described in Figure [7.31]. In such case, we predict the
QCD Multi-jets contribution in the CRF (isolated) by re-weighting the 2D histogram obtained
from CRE (non-isolated), after subtracting the non-QCD contributions from MC.

Figure [7.38] (left) presents the 2D template to estimate QCD Multi-jets events in
the isolated region (CRF), which has been re-binned to the optimized SR binning of the
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Table 7.17: Region W (— uv) +7/*: Ratiol " . gt Values in each bin of pp(7,) for 2016
and 2017 datasets.
2016 2017
pT(Th) [GGV] Ratwﬂi’;ﬁ nonTight pr ( ) [GeV] Ratwﬁ%}i nonTight
20,22] 0.36 £ 0.01 20, 22] 0.40 £ 0.01
[22, 24] 0.30 £0.03 (22, 24] 0.43 +0.02
[24, 26] 0.31 £0.01 [24, 26] 0.39 £0.02
126, 28] 0.31 £ 0.02 126, 28] 0.37 £ 0.02
(28, 30] 0.31 £ 0.02 28, 30] 0.40 £ 0.02
(30, 32] 0.31 £0.03 (30, 32] 0.37£0.02
(32, 34] 0.29 £+ 0.02 (32, 34] 0.34 + 0.02
(34, 36] 0.21 +£0.13 (34, 36] 0.39 = 0.03
136, 38] 0.20 = 0.06 136, 38] 0.40 £ 0.03
(38, 40] 0.21 = 0.03 138, 40] 0.31 = 0.03

90 o~ 500

0n

80 1

m(T,,

40 m
p.(1) P (1)

Figure 7.38: 2D histogram represents the response template to predict QCD Multi-jets events.
CRE (left) and after applying weights CRF (right), which are a function of mry(7,, pf***) and
pr(7). The expected histogram in CRF is obtained using the Ratiol 9" yields in the

Loose—nonTight
region W(— pv) + /.

mep(Th, PP°

which would be the QCD Multi-jets contribution in region CRF. Using this response
template, Figure [7.39] shows the prediction of QCD Multi-jets events in the CRF using the
Ratio, 9" obtained through the fully data-driven method from Z(— pu) + 77" (left)

Loose—nonTight

). Figure [7.38] (right) is the re-weighted histogram using the Ratz’o?ght

oose—nonTight’
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and W (— uv)+7/°" (right). This closure test is performed for both 2016 (first row) and 2017
(second row) datasets and MC. Note there is agreement between data and the background

prediction, which supports the QCD Multi-jets prediction in the SR using this approach.
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Figure 7.39: Final yield of QCD Multi-jets events in CRF. The 2D histogram is re-weighted
for Z weights (left) and W weights (right) for 2016 (above) and 2017 (below) datasets.

The final closure test is predicting the QCD Multi-jets contribution using only MC
information as described this method. We use the 2D histogram obtained from QCD MC
in CRE, and we predict the yield of QCD Multi-jets background in CRF by re-weighting the
histogram with the Ratio, 2" ght-
the statistical uncertainties for 2016 (left) and 2017 (right). The agreement between data and

the predicted background information gives further confidence to estimate the QCD Multi-jets

Figure [7.40] presents the yield that is consistent within

component in the SR using the fully data-driven approach.

Finally, the 2D histogram correlation between pr(7,) and mry(7,, p?**) and the

Ratioﬁiﬁi_nonﬂght obtained from fully data-driven methods establish a robust method of
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Figure 7.40: QCD Multi-jets prediction in CRF using the shape extracted from MC in CRE
for 2016 (left) and 2017 (right) datasets.

estimation. The shape of mr(m,, p#**) distribution is taken from CRB (as is described in
Figure [7.31]), which is SR-like but the 7, isolation cut is inverted. Table [7.18] summarizes the
expected yield of this background in the SR for 2016 and 2017 datasets.

Table 7.18: Summary of the expected yields for QCD Multi-jets background in the SR.
Weights/Region 2016 2017
Ndatafdm'ven Ndatafdriven
SR SR
Z(— pp) + 711 | 1530.4 £ 18.6 | 1480.0 + 16.8
W (= ) + 7% | 1359.9 £ 13.4 | 1508.0 £ 14.9
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(_

Systematic uncertainties

Different sources of systematic uncertainty were considered in the analysis. Systematic
uncertainties associated with the Parton distribution function (PDF) set used in the simulation,
the uncertainty associated with the estimation of the luminosity collected by the CMS detector,
uncertainties associated with the identification of the objects used in the analysis (leptons, jets,

miss

pF**%), among others, were included.

The uncertainties considered in the analysis are described in the subsections that follow.

7.6.1 PDFs

The systematic effect due to the PDF is obtained by comparing the default CTEQ6 . 6L used
in signal with respect to the MSTW2008nnlo and NNPDF20 [114] sets. The maximal deviation
from the central value in the default PDF, in the expected number of events, is used as a

systematic uncertainty. The maximum value found was 6.0%.

7.6.2 Initial state radiation (ISR)

In Section 7.5.1, the weights and their statistical uncertainties to correct the ISR modelling
are shown. The uncertainties are a function of the pr(Z). This statistical component varies from
1-3% at low values of pr(Z) up to &~ 14% for high values of pp(Z) as is shown in Table [7.19].

Table 7.19: Relative statistical uncertainties for the Z-Boost.
Z-Boost Bin [GeV] | Weight Uncertainty
1: 0-50 2.23%
2: 50-100 1.21%
3: 100-150 1.09%
4: 150-200 1.18%
5: 200-300 1.29%
6: 300-400 1.95%
7: 400-600 3.23%
8: 600-1000 14.45%

To study the possible variations of shape and normalization of the mr (73, p**) distribution,

we vary the values of these weights up and down by 1o, where o is the statistical uncertainty
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presented in Table [7.19]. For the main backgrounds, Z + jets and W + jets, the effect on
the shape is studied in the SR. Figure [7.41] shows the systematic effect associated with the
weight statistical uncertainties in the SR for Z + jets (left) and W + jets (right). The red line
corresponds with the central value of the weights and the blue (green) line is the variation of the
weights up (down) by lo. This systematic uncertainty is known as shape-based uncertainty,
which is as much as 15% for high values. In addition, a normalization uncertainty of 1% is

applied to Z + jets, W + jets, and signal yields in the final limit.

m_T for stau + ISR (DY) m_T for stau + ISR (W+Jets)

LU IRLLL R HHHW UL L L
Ir

50 100 150 20 250 300 350 400 450 0 50 100 150 20 250 300 350 400 450 0
m_T [GeV] m_T [GeV]

Figure 7.41: Comparison of the mr(7,, p'*) distributions by changing the value of the
ISR-weight by +o for the Z + jets (left) and W + jets (right) simulations.

7.6.3 Luminosity (L)

A 2.5% uncertainty on the measured luminosity, which is reported by the LHC-luminosity

report [115] was considered.

7.6.4 Trigger and object identification

To extract a systematic uncertainty associated with the Trigger, we performed a fit on the

trigger turn-on curve. The value that was obtained was 3%.

On the other hand, a 6% uncertainty on the 75, identification efficiency was included,
following the POG recommendation. Finally, systematic uncertainties for the muons and

electrons identification up to &~ 2% were included.
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7.6.5 B-Tagging efficiency

We considered the mismeasured rate of b-jets by the b-tagging POG [116], which is around
~ 10%. The systematic uncertainty on the requirement of 0 jets misidentified as b-jets is driven
by propagating the ~ 10% using the following Equation (it is the signal efficiency for requiring
0 jets miss-tagged as b-jets):

(MNBtag<l _ 1 _ Z P(n) - Z Cln,m) - f™- (1= f)r™ (7.17)

where P(n) is the probability to obtain n additional jets (which are non-tau and non-lepton)
in the event, C'(n,m) is the combinatorial of n choose m, and f the mistagging rate. The
probability to obtain at least one additional jet in the event is &~ 10%. Hence, the probability
to obtain at least one jet has the systematic effect of ~ 1%. In addition, the b-tagging
and mistagging rates are correlated for backgrounds with similar composition, which have
no real b-jets such as Z + jets and W + jets but are uncorrelated for backgrounds with a
different composition such as Z + jets and tt. These b-jets uncertainties follow the POG

recommendations.

7.6.6 Tau energy scale

The tau POG recommendation on the energy scale is 5% for the signal acceptance. The
four-momentum must be scaled by a factor £ = 1.05 or 0.95 (Dsmeared = K - Poriginar) and all

variables are recalculated using this new four-momentum. Hence, the shape variations of the

Miss

me (T, pPe*) are taken into account in the final limit calculation [117].

7.6.7 Electron energy scale

We considered an effect on the signal acceptance efficiency of a 1% (2.5%) on the electron

energy scale in the barrel (endcap) region. The systematic uncertainty is less than 1% [118].

7.6.8 Muon momentum scale

The effect of signal acceptance is around 1% for the muon momentum scale uncertainty.

The systematic uncertainty is less than 1% [119].

7.6.9 Jet energy scale

An effect of 2—5% on the jet energy scale uncertainty on the signal acceptance, which
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is recommended by the JetMet POG, was considered. For the maximum value (5%) the
four-momentum must be scaled by k = 1.05 or 0.95 (Psmeared = K - Porigina) and all variables are
miss)

recalculated using this new four-momentum. Hence, the shape variations of the m (7, pf

are taken into account in the final limit calculation [120].

7.6.10 py'ss scale

miss

The uncertainty associated to the pf*** is driven by light leptons energy/momentum scale
(LES), tau energy scale (TES), jet energy scale (JES), and unclustered energy (UCE) [121],
described above. A 10% uncertainty on the UCE creates at most a 0.5% fluctuation in the

signal acceptance.

7.6.11 Additional shape systematics

In the CR’s, shape-based uncertainties based on the deviation to the unity of the data/MC
ratio were assigned. By fitting the data/MC ratio with a polynomial of degree 1, the data-MC
agreement on the mr (7, p's*) shape was parametrized. Figure [7.42] shows the data/MC ratio
as a function of mr(7,, p¥*) in the Z — 7,7, and tf CR’s and their the fitting respectively,

which results in a systematic effect of up to ~ 20%.
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Figure 7.42: data/MC ratio as a function of mry (7, p***) in the Z — 77 and ¢t control region.
The deviation from the flat perfect result is treated as a systematic uncertainty.

7.6.12 Non-QCD background closure/normalization

Since the background estimation uses scale factors to correct the simulation yields, which
are obtained from the different CR’s, the deviation of the data-MC ratio from unity is assigned

as the systematic uncertainty of such scale factors.
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7.6.13 QCD background closure/normalization

fake

We used the Ratio) 9" gnt t0 obtain the normalization factor driven by Z(— pu)+7;

events for the QCD Multijets background in the signal region. Since the weights were also

measured using W (— uv) + 7‘}{“]“ events, a systematic uncertainty on the difference of the
result with respect to the nominal Z + jets weights were used. Table [7.20] shows the relative

difference between weights in both regions, which is propagated bin-by-bin in the m (7, pJ*)

distribution. This effect is a shape-based systematic uncertainty.

Table 7.20: Values of the Ratioﬁi@i_nonﬂght for each bin of pp(m,) in W(— pv) + 7/* and
Z(— pp) + 1/ regions.
Ratiofiigz—nonTight
pr(m) [GeV] | W(—= pv) + 7% | Z(— pp) + 7% | R. Difference
[20, 22] 0.361 £0.039 0.378 + 0.268 4.5%
[22, 24] 0.345 £ 0.033 0.371 £ 0.227 7.0%
[24, 26] 0.329 £ 0.028 0.363 £ 0.191 9.3%
[26, 28] 0.313 £ 0.024 0.355 £ 0.163 11.8%
[28, 30] 0.298 £0.022 0.347 £ 0.146 14.1%
(30, 32] 0.282 £ 0.022 0.339 £0.146 16.8%
(32, 34] 0.266 + 0.024 0.332 £0.163 19.8%
(34, 36] 0.250 £ 0.028 0.324 £0.191 22.8%
(36, 38] 0.234 £ 0.033 0.316 + 0.227 25.9%
(38, 40] 0.218 £0.039 0.308 £ 0.268 29.2%

7.6.14 Summary of systematic uncertainties

Table [7.21] summarizes all systematic uncertainties for this analysis.
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Table 7.21: Systematic uncertainties of this analysis. All values are given in percentage and s
is referred to as shape variations.

Source W + jets | Z + jets | tt | VV | QCD-Multijets | Signal
Luminosity 2.5 2.5 25| 2.5 2.5 2.5
ID(u) <1 <1 <l|<1 <1 1
ID(e) <1 <1 <1l|<1 <1 1
ID(7,) 6 8 9 9 — 9
ID(b — jets) 2 2 7 2 2 2
Trigger 3 3 3 3 3 3
JES S S s s - s
TES s s s s — S
MMS <1 <1 <l|<1 — <1
EES <1 <1 <l|<1 — <1
Pileup 5 5 5 5 — 5
Pdf 4.8 4.8 4.2 | 3.5 — 6.0
bin-by-bin stat S S S S — 5
Closure+Norm 2 8 6 — 23 —
ISR s s _ _ _ s
Prefiring — — — — — s
Gen. Scale 1 1 3.5 — — 2
Fast Sim. — — — — — s
Ratiofigozz—nonTight B B _ B S _
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Results and discussion

Before presenting the final results, we summarize the different steps of the analysis as

follows.

e The trigger efficiency was studied as a function of the pt of the leading jet in the event
and as a function of p&***. The optimal values to be on the plateau of the efficiency
turn-on curve are p7* > 230 GeV and pr(j*) > 100 GeV. These values prove to be

consistent with the values found in the phenomenological study.

e After applying the p%** and pr(j*@) thresholds, motivated by the constraints related
with the behavior of the trigger efficiency, the pr(7,) value was obtained through
maximizing the signal significance using the Ng/v/Ng+ Np figure of merit. A 20 <
pr(7) < 40 GeV selection was applied, which is consistent with the phenomenological
approach: 15 < pp(7,) < 35 GeV. The difference lies in the experimental threshold for
the 73, reconstruction at CMS, which is pr(75)min = 20 GeV.

e The data-simulation agreement for the different backgrounds was studied in dedicated
CR’s. For some backgrounds, correction factors were derived in order to scale properly
the prediction from the simulation in the SR, while the prediction of QCD Multi-jets
events was conducted following a data-driven approach. The summary of the main steps

to estimate the background is presented below.

1. The modelling of the ISR-jet in the simulation was studied. This led to obtain a set of
weights to correct the expected kinematics associated Z production, which is boosted
due to the presence of the ISR-jet, as well as to establish a scale factor to correct
the p2s* modelling. The weights were obtained using a Z + jets CR. A closure test
was performed using simulation. Systematic uncertainties on the normalization and

shapes were obtained using a complementary W + jets CR to derive the weights.

2. To verify the simulation of W + jets events an emulation technique of the 7
kinematics using muons was developed. The emulation showed good agreement
between the observed data and the background expectation in both, shape and
normalization. This emulation is based on muon data set in some SR side-band,
where the selection criteria is SR-like but the pr(7,) is set to (40 < pr(7,) < 60)

GeV. This shape analysis is only used for closure purposes.

3. To estimate the ID efficiency of the 75, candidate, an enriched CR with Z — 7,7

events were studied. This CR led to estimate a scale factor to correct the Z + jets
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background contribution in the SR. Furthermore, this measurement of the scale
factor required to include the POG recommendation per 7 leg 0.95/(0.83) for
2016/(2017).

4. The tt background contribution in the SR was studied using a set of CR’s. These
CR’s had different isolation criteria and a number of identified b-jets. The ¢

contribution in the SR was obtained by scaling the MC simulation by a factor of
0.94 4+ 0.05 for the 2016 dataset.

5. Since QCD Multi-jets events are mnot properly modelled in simulation, the
contribution of this background in the SR requires a fully data-driven approach.
By measuring the so-called Tight-Loose ratios in dedicated Z — ,u/ﬂ,{“ke and
W — pwri®¢ CR’s, the QCD Multi-jets events are calculated extrapolating the
events in the non-isolated region using the pr(7,) dependent ratios. Additionally,
a closure test based upon the regions where A¢(j°d, piss) < 0.7 was performed.
This closure test validated the methodology to estimate the QCD Multi-jets events

in this analysis.

e All possible sources of systematic uncertainties were studied, which were propagated in

the final upper limit accordingly.

We present the results in the compressed mass spectra scenario where Am(Yi, X)) = 50
GeV. The inclusive channel was studied where Br(x3 — 77 — 77%%) = Br(x{ — v¥ —
vxY) = 100%.

Figure [7.43] shows the final mr (7, p***) distribution in the SR. The dominant backgrounds
are W +jets and Z+ jets, in this plot the signal is multiplied by a factor of 10. The background
prediction is in agreement with the observed data, ruling out the possibility of physics beyond
the standard model. The result is interpreted under the MSSM, assuming R-parity conservation.
The analysis focused on the production of 7 particles through electroweak processes, considering
direct pair-production with an associated ISR jet and through cascade of i and X3, as described
in Table [6.1]. Furthermore, the composition of ¥i and Y3 was considered wino-like (they belong
to same gauge multiplet), assuming mass degeneracy between the ¥y and the ¥i (m(X3) =

m(X7). Finally, the m(7)) was parametrized as:

m(7) = m(%0) + K (m(xy) — m(x1)), (7.18)

where K determines the m(7) composition, which is set to K = 0.5, in a democratic scenario
where the mixing is 50%/50%.
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Figure 7.43: mr(m,, p2*s*) distributions in the SR (unblinded) for 2016 (left) and 2017 (right)

datasets. Note that, there is not evidence of new physics in the all mr (7, p***) spectrum.

Figure [7.44] shows the observed and expected upper limit at 95% confidence level on the
cross-section, for the observed data, the expected background and the theoretical prediction.
The upper limit was calculated following a profile-binned likelihood approach, using the
transverse mass distribution between the 7, and the p2** with the full C'L, estimator.
The Higgs limit tool, which is the recommended software at CMS collaboration for that
purpose [122], was used to estimate the limits. The limit tool works using the yields of

data, background, and signal. In addition, all systematic and statistical uncertainties were
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included as nuisance parameters. To construct the binned likelihood, input data cards with the
corresponding yields per bin were used. Correlations among systematic effects were taken into
consideration, using a correlation matrix built in each data card, following the recommended
format in the Higgs Limit tool guidelines. One card per bin per mass signal point was produced.

The cards for a given signal point were combined using a script provided by the Higgs tool.

In Figure [7.44], the solid black line corresponds to the observed upper limit, the
dashed-black-line represents the expected limit using the background-only hypothesis, and the
blue line is the theoretical prediction. The green and yellow bands represent the one and two
sigma deviation from the expected limit, respectively. The upper limit is referred to the value of
the chargino mass (m(X;)) where the observed limit crosses the theoretical prediction. For this

experimental analysis YJ/X7 masses are excluded up to 290 GeV for the compressed scenario
defined by Am(xT,7) = 25 GeV.
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Figure 7.44: Expected and observed upper limit for the cross section at 95% of confidence level
as a function of m(X3) = m(x;). The color bands represent one and two standard deviations
for the background-only hypothesis.

Figure [7.45] shows the observed upper limit cross section at 95% of confidence level, for
the direct 7 pair production as a function of m(7) and Am(7,x?). The bottom plot presents
the upper limit as a function of the m(7), in the particular case where the Am(7, x?) is set to
50 GeV. These results are better than other 7 searches. i /X3 masses are excluded up to 230
GeV [123] at CMS, and x9 masses are excluded up to 150 GeV [124] at ATLAS, for compressed
mass spectra searches.



134

Chapter 7. Experimental analysis

77.21b" (13 TeV)

70 CMS Preliminary

pp—TT + jets, Left-handed %, Bino if

10 *

Cross section UL at 95% CL [fb]

Expected Limit + 2s.d. .

102

—_
8 LWL LURY R

o B Expected Limit + 15.d, —— Observed Limit
m(7) - m(x,) = 50 GeV P -== Expected Limit .
— o[g™: Left-handed %, Bino %,

—_

150 200 250 300

350 400
m(7) [GeV]

Figure 7.45: Expected and observed upper limit for the cross section at 95% of confidence level
as a function of Am(7,x?) and m(7). The bottom canvas represents the upper limit for the
direct 7 production cross section at 95% of confidence level. The compressed mass spectra

scenario is set by the Am(7, x}) = [10, ..., 50] GeV.

This search has exceeded the sensitivity from previous searches, including results reported

by LEP experiment [125,126].

- Section 7.8
Contribution to the analysis at CMS

The specific contributions of the author of this thesis are summarized here:

e Performed all the studies related to the trigger performance, described in Section 7.3,

using 2016 data and simulation.

e Studied the p®* and pr(j'°?) trigger correlation in the trigger, described in Section 7.3.3,

using 2016 data.

e Performed the optimization studies to establish the selections for the pr(7,), pr(j

'ISR)’

and p*** (at the end determined by the trigger), as shown in Section 7.4.

miss

e Performed studies to determine the mr (7, pi**®) as the main discriminating observable

to search for the presence of signal events.

e Performed studies to implement the Ag(jet"*, p
in Section 7.5.6.

miss

T

) criterion to reject QCD, described
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e Developed the technique and performed the study for the emulation of the kinematics of

7’s using u’s to emulate W — 7v+jets background, as described in Section 7.5.3.

e Developed the technique, with the help of the co-conveners of the Exotica group, to
estimate the QCD Multi-jets background with 2016 data, described in Section 7.5.6.

Tight

e Performed the shape systematic uncertainty estimation associated with the Ratioy o nonTight

for each bin of pr(7,), described in Section 7.5.6.

It is important to mention that this work would not have been possible without the
support and guidance from Professor Andrés Floréz from the University Los Andes, my thesis
advisor, Professor Alfredo Gurrola from the Vanderbilt University, who is my Co-advisor, and
Ph.D candidate Savanna Starko from the Vanderbilt University, who worked actively in this
experimental analysis for both datasets. 1 would like to stress that my contributions are the
ones detailed above for 2016 data. I also would like to deeply express my gratitude to each one

of the scientists mentioned above, for the guidance and outpouring support provided during my
Ph.D studies.
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CHAPTER 8

Conclusions

In this research, we explored the compressed mass spectra scenarios using the data collected
by the CMS detector during 2016 and 2017. The data corresponding to a total cumulative
integrated luminosity of 77.2 fb~!, for proton-proton collisions at a center of mass energy of
V/s = 13 TeV. The compressed mass spectra scenario is referred to a kinematic region where
the mass gap between the 7 and the X! must be small. This requirement was motivated
for the direct connection between the cosmology and the thermal production of dark matter
through SUSY models. In which, to obtain the observed value of the relic dark matter density
Qpayrh? = 0.1186 £ 0.002 using SUSY, the mass gap is set to Am(7,x}) = 50 GeV. At
experimental level, nevertheless, this kinematic region has been difficult to prove in previous

searches.

At phenomenological level, we explored the feasibility of this analysis by including an
ISR-jet in the final state, which naturally generates a boosting to the event. In addition,
selection criteria of high p*** and low momentum for the 7, candidate (20 < pr(7) < 40
GeV) showed an improvement of the relation the signal events and the expected background
prediction for the compress spectra region. The mr (73, p?*) distribution was used to obtain
the expected sensitivity. For the experimental study, no data excess was observed above the
expected background prediction from the SM processes. The results were interpreted based
upon the MSSM in the context of the R-parity conservation. Expected and observed limits were
obtained at 95% confidence level using the fully C'L, estimator. Y3/ YT masses are excluded
up to 290 GeV, which exceed the previous limits for the compressed mass spectra region.
Additionally, this exclusion limit allows to the theorist’s other interpretations depending on
the model. The ISR~jet technique is expected to be a tool to explore this kind of experimental

searches for the future cumulative luminosity of the CMS detector (Run-III).

Ethic considerations are supported by the regular procedure to submit any experimental
analysis inside the CMS collaboration. The JSON files showed in Chapter 7 validate the
confidence of data for physics analyses. Besides, the collaboration has several steps to guarantee
the quality of physics contribution. These steps are commonly known as: pre-approval, approval
(unblinded SR), CWR, and final reading. This thesis presents an analysis that has been

137



138 Chapter 8. Conclusions

submitted through CMS filters to obtain the final contribution of this search.
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APPENDIX A

Search for new physics at the LHC with a simplified
dark matter model

Monotop models

(_

This model has a particular signature, which is defined by a top quark in association
with missing transverse energy p&s® [127,128]. There are only two allowed processes (to
tree-level) in the final state. In the first, the process occurs through baryon number-violation,
and second, flavor-change neutral interaction, which has coupling with the third generation
of the SM [128,129]. The classification depends on the particle that is associated with the
piss. In the first case, the top quark is produced through flavor-changing neutral interaction
in association with a new invisible bosonic state, in the second one, the top is produced in

association with a fermion state. Figure [A.1] describes both mechanisms.

) \MV di X
\

r t 0

g t 4 t

Figure A.1: Feynman diagram associated with the monotop production, which has two cases:
up-type quark with a vector state V' (left) and resonant production mediated by a colored scalar
field S (right). The states (V,x) correspond to piss.

These diagrams are generated by the Lagrangian that describes this theory [128,131], which

contains higher-dimensional spin operators:
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o
Il

Lsm

gbﬂ [aOFC + bOFC%} u+V E[a};cy“ + b};cv”“%} U
%d [CLSR + 55375] di + ot [aé/; + bg/,i%}

%d [CLSR + bSR%} Ug + %a [55}? + bg}i%} (A1)
6”qu d. [avzﬂ + bl ry 75} dy,

1/2
X, [aV/Rv + bV}ﬂ 75])( + h.c.,

+ o+ o+ o+ 4

In Equation (A.1), the superscripts c mean charge conjugation, ¢, j, k are color indices. the
matrices in the flavor space a%oc and b C } contain quark interactions with the bosonic particles
¢ and V. On the other hand, a}éfv} r and b{éy} r are interactions between up-type quark, the

invisible fermion y, and the new colored states ¢ and X. The couple with the down-type quark

is given by a%S’V}R and b%S,V}R'

Some research has explored scenarios where all axial coupling vanished [128], hence:

b=0 (A.2)
This condition sets all parameters.
(GOFc)m = (a%c)?)l = (a}vc)m = (a}wc):n = a,
(alp)e = —(adp)a = (adn)s = (abp)u = (a/p)s = a. (A.3)

Other couplings become zero. This election defines two mechanisms of production already
mentioned, in the first one, a single scalar and the second a vector is added to the SM. Mad-Graph
calculates the cross-section of the Monotop processes. Figure [A.2] shows the relation between
the masses of ¢, x and the coupling parameter, the cross-section expected of a few pb at the
LHC accelerator (8 TeV) with moderate values of @ ~ 0.1, and the masses of 1 TeV and 1.3 TeV
respectively. In scenarios where b # 0, there are different helicity states (left, right-handed and
mixing). The specific work is to estimate the associated SM backgrounds of these hypothetical
processes to determine whether experimental sensitivity at 13 TeV to measure the helicity states
of this new physics [129]. For leptonic channel, the helicity is defined by pr(b)/(pr(b) + pr(¥)),
and F(b)/E(t) in the hadronic case. Currently, there are searches at experimental level by
CMS [132] and ATLAS [133], which connects the phenomenological study with experimental

studies.
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Monotop production at the LHC (8 TeV) Monotop production at the LHC (8 TeV)

SIL.s scenarios SII.v scenarios

o' B 10 |
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Figure A.2: Total cross-section of the monotop production at /s = 8 TeV at LHC. The scalar
resonance m,, (left) and the vector resonance m,, (right).

A.1.1 Main background processes

The hypothetical signal processes are mixing with background processes that come from
SM. These processes simulate the same final set by signal events. In this case, backgrounds are
identified through the top decay.

pp = t4 PR — bW+ pPt = bjij + ppes
Pp = PR I s o b pipe, (A.4)

miss

where j and b denote light and b-jets respectively, ¢ charged lepton, and p7***. Not only
W + jets and Z + jets are backgrounds, but also ¢¢ and Single top are considered [127,128].

A.1.2 Semi-leptonic and di-leptonic ¢ processes

tt is an SM process due to the annihilation of the partons in the scattering process, an
energetic gluon is created. Afterwards, that gluon decays into ¢t pair, these particles decay
into W= boson and one b-jet the 91% of times. The W decays 64% into a quark anti-quark
pair, W — ¢q (hadronic decay) and the 34% into lepton plus neutrino, W+ — ¢*y, and
W~ — ("1, (leptonic decay). In Figure [A.3] are presented both cases when one of the W
decay hadronically and the other leptonically, the total contribution is called Semi-leptonic ¢¢
(left). Likewise, when both W decay leptonically the final states are called Di-leptonic t# (right).

The syntax in Mad-Graph for the production of t¢:
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ot et

Ly Ly

q vy

q 0

Figure A.3: Semi-leptonic (left) and di-leptonic (right) ¢¢ plus jets processes.

\\Semi-leptonic tt
import model sm
generate pp >t t7, (t > w+t b, wt > j j), (t7 > w- b7, w- > 1- vl™) @0
add process pp >t t7, (¢t > w+t b, wt > 1+ vl), (t7 > w-b™, w- > j j) @0

add process pp >t t” j, (t >w+tb, wt >3 j), (t7>w-Db", w- >1-vl") @1
add process pp >t t” j, (t > w+ b, wt > 1+ vl), (t7 > w- b™, w- > j j) o1

\\Di-leptonic tt
import model sm
generate pp >t t7, (¢t > w+t b, wt > 1+ vl), (t7 > w- b™, w- > 1- vl™) @0
add process pp >t t” j, (t >wt b, wt > 1+ vl), (t7 > w- b7, w- > 1- vl™) @1

A.1.3 Single-top process

The Single-top is an SM process characterized by the annihilation of the partons in the
scattering process, this involves the production of time-like W, which then decays into a top
and bottom quarks. The top quark decays into W boson and one b-jet the 91% of times.
Then we have two b jets in the final states and the W decays 64% into a quark anti-quark pair,
W — ¢q (hadronic decay) and the 34% into lepton plus neutrino, W+ — (*y, and W~ — (",
(leptonic decay). Figure [A.4] shows the s-channel of this process.

The syntax in Mad-Graph for the production of Single-top:

import model sm
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define pr=b b™ p

generate pr

add
add
add
add
add
add
add

process
process
process
process

process

=3
S

pr >t j $$ wt , (t > wt+ b)

pr
pr
pTr
pTr
pr

pr
pr
pr
pr
pPr

process p p >

process p p >

>t j ¢S w-, (7 > w- b7)
>t b” j $$ wt , (£t >wtb)
>t b j$$w-, (7 > w- Db7)
>t w-, (t > w+ b)

>t wt , (7 > w- b")

w+ >t b”, (t > wt+ b)

w— >t b, (t7 > w- b")

Figure A.4: Single-top production in s-channel.

In summary, Table [A.1] presents the simulated cross-sections for theses SM backgrounds.

There are other backgrounds; for instance see [129]. Nevertheless, the cross-sections are quite

small, and these will not be taken into account.

Table A.1: Main cross sections of ¢t and Single-top backgrounds.

Process o [pb] Mad-Graph | o [pb] Pythia | Matching efficiency
tt(— 4jets 10 1v)+ jets 290.8 151.9 52%
tt(— 2jets 20 2v)+ jets 66.5 25.5 38%
Single top + jets 465.8 429.3 92%

Monotop signatures offer two different and complementary channels: leptonic and hadronic

monotop channels.
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(_

Leptonic monotop

miss

There are two sources of p7**® in the leptonic decay, the neutrino and the new invisible state.
The analysis carried out by CMS collaboration at energy of the center of mass /s = 8 TeV [132]
has the following event selection criteria: There is one isolated b-jet in the central region of the
detector (|n(b)| < 2.5), the pr(b) > 70 GeV, and a veto over light jets is applied. Events are
required to have exactly one lepton (either e or p), which defines two channels, electron and
muon channel. The isolated lepton must fall in the central pseudo-rapidity coverage (|n(¢)| <
2.5), the pr(¢) > 30 GeV, and the overlap removal is applied. Finally, p7** > 100 GeV. In
this study, we proposed a new selection in the mry distribution to increase the experimental

sensitivity of the signal. Table [A.2] summaries the event selection criteria for the leptonic

channel.
Table A.2: Event selection criteria for the leptonic channel.
Criteria CMS Selections
N(b— jets) =1
pr(b) > 70 GeV
[n(0)] <25
N () =0
pr(j) > 30 GeV
n())] <25
NWl) l=pu—OR—¢) =1
pr (6) > 30 GeV
[n(0)] <21
N (other — () =0
pr(W) > 50 GeV
|AP(L,b — jet) < 1.7
Overlaps removal AR > 0.3
pipiss > 100 GeV
mep (€, priss) > 400 GeV
The my (¢, pF**) selection is based on the shape of the distribution. The Monotop

production is characterized by high values of transverse mass. Figure [A.5] presents the
transverse mass for the electron channel. The distribution has small values for the background

component, which allows to select events above m(¢, p2ss) > 400 GeV.

To discriminate the signal yield from the background events, we implement a distribution

associated with the top kinematics. If we redefine the momentum of the lepton as: pT(ﬁl) —
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Figure A.5: m (¢, p?**) distribution of the electron channel, the criterion of mr (¢, p*s*) > 400
GeV is applied.

pr(€ 4+ b — jet), the transverse mass will be associated with the top particle (mr(t, p's)).
This distribution is a better likelihood variable, which is presented for both, electron and muon

channels in Figure [A.6].
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Figure A.6: mr(t, p's*) distribution for both, electron (left) and muon (right) channels. This
distribution shows a clear distinction between signal and background events.

Finally, helicity states for the top quark in the leptonic channel is given by [132]:
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pr(b)
pr(b) + pr(l)’

Figure [A.7] shows the observable associated with the helicity for both channels to the
expected luminosity of 100 fbo—1. left-handed,

right-handed and non-polarized. This result has a great perspective to measure the helicity of

H(L,b) = (A.5)

In our model, we have three chirality states:

new particles at experimental level, in which, the chiral nature of new particles in scenarios
beyond the standard model (BSM) can be established.
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Figure A.7: The helicity distribution for both, electron (left) and muon (right) channels.

Hadronic monotop

(_

In the hadron decay, we need exactly one jet from the fragmentation of b — quark and
two o three-light jets for reconstructing the top quark. The analysis carried out by the CMS
collaboration at center of mass energy of /s = 8 TeV [132] has the following event selection
criteria: There is one isolated b-jet in the central region of the detector (|n(b)| < 2.5), the
pr(b) > 70 GeV. A set of light jets are selected to obtain the kinematics associated with the

top quark and the pr(j) > 30 GeV. In addition, jets must be located in the central region of
the detector (|n(j)| < 2.5).

miss

P > 350 GeV is applied. Table [A.3] summaries the event selection criteria of the hadronic
channel.

A veto over all leptons is applied in the final selection. Finally,
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Table A.3: Event selection

criteria for the hadronic channel.

Criteria | CMS Selections
N(b) =1

pr(b) > 70 GeV
In(0)] <25
N(j) =2

pr(j) > 30 GeV
n(j)] <25
N() =0

piiss > 350 GeV
m(j, j,b) < 450 GeV

In this case, we can apply an extra selection to discriminate more background events. The

invariant mass the three jets system is a good variable due to the single-top events have a long
tail toward high mass value. Therefore, a cut below m(j,j,b) < 450 GeV could suppress those
events. Figure [A.8] shows the invariant mass distribution after the last selection.
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Figure A.8: Invariant mass distribution of the three jets system, the distribution is consistent

with the top mass resonance.

Finally, helicity states for the top quark

H(b,t) =

in the hadronic channel is given by [132]:

E(b)

oL (A.6)

The top energy E(t) is the sum of the energies of the all reconstructed jets. Figure [A.9]
shows the helicity distribution for the hadronic channel to the expected luminosity of 100 fb~1.
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Figure A.9: The helicity distribution of the hadronic channel after all selections.

Possibly, measuring the helicity of new particles in the hadronic case leads to establish the

chiral nature of new particles in scenarios beyond the standard model (BSM).



APPENDIX B

Simulation packages in high energy physics

Simulations of high energy processes associated with the SM, which is commonly the
experimental background and hypothetical signals in extended models such as: SUSY,
Extra-dimensions, or GUT address the phenomenological and experimental research. In
general, simulations consist of three steps: hard scattering among partons, fragmentation
and hadronization, and detector responses. The hard scattering is generated using specialized
software, which computes the cross-sections of each specific process. Strong interactions among
quarks generate fragmentation and hadronization processes, which are usually non-perturbative,
and outcoming particles have interactions with the detector, which must be emulated as well.
The detector generates kinematic changes, smearing effect in the four-vectors. Furthermore, the
reconstruction and identification driven some information losses. The most common simulation
software in high energy physics is: Mad-Graph [136, 137], Pythia [138], and Delphes [139].

Table [B.1] shows the current versions of these packages.

Table B.1: Simulation packages used in high energy physics.

Package Version
Mad-Graph | 2.2.3
Pythia 8.205
Delphes 3.3.2

~ Section B.1
(Mad—Graph

Mad-Graph is a simulation package that emulates hard scattering processes in a particle
accelerator. This program is based upon physical parameters, which can be set by the user.
In addition, the simulation works in an approximation known as asymptotical free, which
was confirmed by James Bjorken in 1968 [140]. This program computes cross-sections (o)
of physical processes and the kinematic information of all particles involved in collisions. In
order to calculate the cross-section, Parton Distribution Functions (PDF)’s f = f(x,Q?) play

an important role. These PDF’s depend on the fraction of momentum carried by the parton

165
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z; and the scale of energy Q?. Equation (B.1), shows the standard formula to obtain the

cross-section.

doijsim = /1 /1 £z, QO fi (x5, Q) dmid; | x o dpm
ij—lm o . 1\ L1y VAGT R 7 7 (271'2)2El (27T2)2Em
5 (pi +pj — p1 = Pm) X [IMijoim|? (B.1)

X

Mad-Graph can simulate a large variety of processes in the SM such as: production of
vector bosons (W*,7%), quark anti-quark pairs (¢g), double production of vector bosons
(WEWT,2°2° W*Z°), among others. In addition, Mad-Graph can also simulate processes
beyond SM such as: SUSY, Extra-dimensions (Z', W'), and Monotop models.

- Section B.2.
(Pythia

Pythia is an event generator used in cases where the asymptotic freedom approximation
is not valid anymore. Processes such as the fragmentation and hadronization require a
non-perturbative treatment, and even fitting using real data. This program mainly reproduces
these non-perturbative processes and emulates initial and final state radiation states as well.
Pythia code flow is divided in three steps [138]:

e The generation of hard processes such as gg — h° — Z°Z° are produced using

perturbation theory, which only covers partially the parton interaction.

e After hard processes simulation, Pythia includes jets that come from ISR and FSR,
as well as, multiple parton-parton interactions, and form-factor of the colliding beams.
These effects contribute to get a realistic partonic structure as accurate as possible in a

non-perturbative regime.

e Finally, the chain of fragmentation generates decays from partons into stable and unstable
particles. This step is completely non-pertubative and requires parametrization of real
data.

B.2.1 Matching algorithm MLM

Since Pythia generates extra-jets to emulate ISR and FSR states. Merging the information

that comes from Mad-Graph and Pythia is needed. Technically, this matching process is
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controlled by two parameters within the simulation. These parameters are known as xqcut
and qcut. xqcut is defined as the minimum distance among partons in Mad-Graph and xqcut
is referred to an energy threshold of jet clustering in Pythia. Basically, the concern is the
overcounting of objects in each event. The optimization of these parameters is performed
by studying a distribution known as Differential jet Rate (DJR), which shows the transition
among events that have 0,1 or 2 jets. The smoothness of the distribution in the points where
the transition occurs determines the optimal values zqcut and geut. Table [B.2] shows some

optimal points of SM background production.

Table B.2: Optimal values of the DJR distribution to generate SM backgrounds.

Process xqcut | geut
W + jets 15 30
Z + jets 15 35
Semi-leptonic ¢t | 30 70
Di-leptonic tt 30 70

Figure [B.1] shows the DJR distribution for Z + jets and W + jets cases, Note that, the

transitions points 0 to 1 Jet and 1 to 2 jets are smooth.

- Section B.3.
(Delphes

After the hadronization process, Delphes simulates the interaction between particles and
detectors (i,e. the CMS detector). This process pretends to emulate all detection condition
such as: reconstruction efficiencies, resolution and acceptance of the detector and systematic
uncertainties. The simulation incorporates as many effects as possible like the tracking system
embedded in a magnetic field, electromagnetic and hadron calorimeters and muon identification
systems. Charged particles are reconstructed as tracks in the tracking volume, long-lived
particles that reach the calorimeters deposit their energy depending on the interaction. The
ECAL reconstructs electrons and photons, The HCAL reconstructs neutral and charged
hadrons, and finally, the muon system detects muons. The position is defined by the geometry
of the specific detector, for instance, (pr,n, ¢, E') in a cylindrical detector is convenient. Some

aspects of the reconstruction step are:

e Photons and leptons are reconstructed using a threshold in their transverse momentum
pr(7,£) > 10 GeV. Furthermore, they can be a candidate in the jet collection. The

electron energy is smeared according to the resolution of the calorimeter.
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Figure B.1: Differential jet rate distribution for Z + jets (above) and W + jets (below). The
transitions of 0 to 1 jet (left) and 1 to 2 jets (right). The optimal values are obtained when the
distributions are smoothness during the transition.

e The isolation of charged leptons requires a minimum distance in the n — ¢ plane given by
AR > 0.5 and a minimum threshold of pr(¢*) > 2 GeV.

e The muon identification depends on the minimum threshold of pr(u) > 3 GeV within
the pseudo-rapidity coverage |n(u)| < 2.4. In addition, Gaussian smearing to the muon

resolution is applied.

e The jet reconstruction can be performed through six different reconstruction algorithms.
The most used is the anti-kt algorithm, which has minimum distance of AR = 0.7 and
momentum threshold is pr(j) > 20 GeV in the whole pseudo-rapidity coverage |n(j)| <
5.0.
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e In Delphes, the tau collection is a sub-class that belongs to the jet class. The visible
7, corresponds with hadronic decay of the 7 lepton, which occurs roughly 64% of
times. Figure [B.2| shows the spectrum of 7 decays. In general, the 73, candidate has
a particular signature in the calorimeter, which is narrower than jets that come from

other sources [139].

Figure B.2: Feynman diagram of the 7 lepton decay, the hadronic decay 7 — @d corresponds
to 64%, which is reconstructed as a jet (7,) in the detectors.

Finally, there are other packages such as: POWHEG [141], Comhep [142], and Sherpa [143],
which are commonly used by CMS and ATLAS collaborations. On the other hand, simulating

the detector response is usually done with Geant4 as well [144].
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