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Abstract

Although the Standard Model (SM) has been one of the most successful physics
models of all time with the discovery of Higgs boson, there are still unsolved
questions that cannot be explained due to conflicting experimental observations
not predicted by the SM. Oscillations of the neutrinos is one of the represen-
tative example which is a clear evidence for the physics beyond the SM. The
fact that neutrinos oscillate can be explained via the difference in mass and
flavor eigenstates of neutrinos which in turn requires neutrinos to have nonzero
masses. This contradicts to the SM where the mass of neutrinos are assumed to
be zero. Many theories have been proposed to describe the mass mechanisms
for neutrinos. The seesaw model is one of the most popular explanations that
is feasible to explain the origin as well as the smallness of neutrino masses.

In this thesis, two analyses are presented in the context of neutrino mass
mechanisms with the LHC experiment. The first analysis is the search for heavy
neutrinos in type-I seesaw model using the final state with a single lepton
associated with either a large-radius jet or small-radius jets. The proton-proton
collision data at a center-of-mass energy of 13 TeV collected with the CMS
detector located at the LHC is used for the analysis. With the full Run 2 data
of 137 fb~!, the analysis is performed in two folds from different event topologies
that are represented by the jet configurations. This is the first attempt to search
for heavy neutrinos using the decay mode to the Higgs boson. The second part
of this thesis scans the parameter plane defined by the type-II seesaw model
using the published LHC results that is the data-driven approach. In particular,

the parameter plane which is favored by the anomalous W boson mass report



that the CDF collaboration made recently is analyzed in depth.

Keywords: High Energy Physics, LHC, CMS, Thesis, Neutrino, Heavy Neu-
trino, Heavy Neutral Lepton, Seesaw Model
Student Number: 2015-22596
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Chapter 1

Preface

Particle physics, as its name suggests, is an effort to understand how the uni-
verse functions at very short distances in the basic minimal level constituents
of the universe. This field of physics stems from the philosophical question of
what is the smallest indivisible unit of matters, defining what the word atom,
after the Greek word atomos, is since ancient Greece. Later in the 19th century,
Dalton developed the theory of atoms defining atoms as a set of extremely small
particles that form the matter.

This theory later was discovered to be wrong by finding even more smaller
particles such as protons and neutrons in the early 1900s. Soon the particle
physics field drastically developed with consequent findings of muons, pions,
and so on and so forth. With the progress of the field but before the discovery
of quarks which are the subparticles of protons and neutrons, a huge multitude
of strongly interacting hadrons E| were found and the term subnuclear particle

zoo was popularized. Despite new findings of more and more hadrons, simplicity

'Hadrons are subatomic level composite particles made of two or more quarks.



and elegance which forms the heart of good physics theory were tarnished. Soon
later, digging deeper with higher energy resurrected the particle physics by
finding quarks and developing the Standard Model (SM) inclusively explaining

the particle zoo with great accuracy.

Matter Atom . Electrol Proton

Nucleus Neutron

Figure 1.1: Image depicting the substructures of matter ending with the ele-
mentary level, quarks. Figure credit : CERN.
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Figure 1.2: 59 hadrons discovered since 2011 by the Large Hadron Collider until
the May of 2021. Figure credit : CERN.

During last 100 years, the SM theory was firmly constructed with the final
puzzle piece, Higgs boson discovery, at the Large Hadron Collider (LHC). From



the results of the LHC, we know that universe is encoded with seventeen parti-
cles in total which are categorized into two sets : (1) Fermion : Constituents of
matter that are leptons and quarks (2) Boson : Interaction mdediators that are
gauge and scalar bosons. But is this the final remark of the particle physics that
we understand everything? The answer is no and we still have loads of remain-
ing questions about the universe. Why is there more matters than antimatters
in the universe? How can gravitational force be understood in the context of
quantum field theory? How can we find the dark matter that accounts for most
part of the universe?

This thesis is dedicated to address the intriguing question regarding one of
the fundamental particles, neutrino. In particular, it is an attempt to answer
the question, Where does the mass of neutrino comes from?. A lot of mysteries
still remain in the sector of neutrinos, mainly due to its only weak interacting
nature which makes it experimentally more difficult to find out what its proper-
ties are. But still, within the scope of the LHC using its detectors which include
Compact Muon Solenoid (CMS), the neutrino sector can be peeked into with
dedicated efforts and will be explained throughout the thesis.

This thesis is organized as following :

e Chapter 2. Theoretical Backgrounds : Describe what the SM theory
in particle physics is and how Monte-Carlo (MC) event generation takes

part in the field.

e Chapter 3. Experimental Backgrounds : Briefly introduce how the
LHC and the CMS detector are operated and also discuss the Particle-
Flow algorithm which is utilized to reconstruct physics objects at the

CMS for analysis.

¢ Chapter 4. Neutrinos : Describe how neutrino started to play the role



in particle physics historically and introduce some of the representative

works from the CMS related to the topic of neutrino mass mechanism.

e Chapter 5. Search for Heavy Neutrinos at the CMS : As for the
first main part of the thesis, data analysis is performed using the full Run
2 dataset collected by CMS. Heavy neutrino in type-I seesaw model in

single lepton channel is explored for its discovery.

e Chapter 6. Neutrino Mass Model Reinterpretations with Pub-
lished LHC Results : As for the second main part of the thesis, a
reinterpretation is performed using the published results from the LHC.
In particular, type-II seesaw model is scanned to address the W boson

mass anomaly which is from CDF’s report in 2021.

e Chapter 7. Conclusions : Conclude this thesis with a brief summary

of Chapter 4. and 5. and outlooks.

The analysis in Chapter. [5|is a classical analysis approach analyzing data with
optimized selections for the BSM signal process (theory-driven), while the rein-
terpretation in Chapter. [6]is done in opposite direction fully exploiting already
published results to exclude new BSM physics (data-driven).

Now, to achieve this goal of answering the question on neutrino masses,
obviously I could not do it alone so I have been working as a member of the
CMS collaboration since 2016. As the CMS collaboration functions by con-
tributions from thousands of people, I also took roles in two different groups
in CMS, Exotic Physics Analysis Group (EXO) and Physics Generator Group
(GEN). I have been serving as the level 3 convener of EXO Monte-Carlo &
Interpretations subgroup for two years starting from September of 2019 until
August of 2021. Also in parallel, I was chosen as the representative CMS con-

tact person for MADGRAPH_AMC@NLO by GEN which is the most popularly



used MC event generator at the LHC. Since January of 2022, I took the role of
HEPDATA contact person of EXO, reviewing and guiding the data preservation
efforts ultimately to expedite the reinterpretation activities. In 2020, I was also
awarded with the Marie Sklodowska-Curie Farly Stage Researcher Fellowship to
work for the MCnet project. The task was to build the infrastructure in MAD-
GRAPH_AMCQ@NLO, interfacing it with RIVET and CONTUR for user-friendly
and easy-approach reinterpretation tools. Finally, my major focus during last
seven years (hopefully well explained throughout this thesis) was incorporating
my EXO and GEN works in one single theme, analysis (re-)interpretations with

BSM theories to explain neutrino mass mechanisms.



Chapter 2

Theoretical Backgrounds

2.1 The Standard Model of Particle Physics

2.1.1 Elementary Particles and Fundamental Forces

The Standard Model (SM) for particle physics is built up on the quantum field
theory (QFT), describing the fundamental interactions of leptons, quarks, gauge
bosons, and Higgs (H) bosons |1H12]. Specific behaviors of the interactions in
strong and electroweak sectors are encapsulated in the SU¢(3) x SUL(2) x Uy (1)
group structure of the SM. This was not something gathered in a short time scale
but instead its empirical development started more than 100 years ago from the
discovery of the electron in 1897. This soon lead to quantized understanding of
the atomic nucleus proposed by Bohr in 1913. Finally in 2012, the discovery of
the Higgs boson at the LHC completed our understanding of the universe under
the illustration of the SM being one of the most successful physics models of
all time.

The constituents that build up the SM as its fundamental particles D can

'The charge conjugated partners of particles, that are the antiparticles, have identical mass



be divided in two, fermions and bosons. Fermions are particles with half-odd-
integer spin which obeys the Fermi-Dirac statistics. Quarks and leptons (includ-
ing neutrinos) are further categorized for fermions by their charges : leptons
have integer charge and quarks have fractional charge. Unlike fermions, bosons
are particles with integer spin obeying the Bose-Einstein statistics. Matter is
composed of fermions while bosons are responsible for the interactions between
the particles acting as the force mediators. The full list of the SM particles
and their properties are written in Table. [2.1] for fermions and in Table. [2.2] for

bosons.

Particle Generation Spin Charge [e] Mass
Up quark (u) 1 1/2 2/3 2.16 MeV
Down quark (d) 1 1/2 -1/3 4.67 MeV
Strange quark (s) 2 1/2 -1/3 93.4 MeV
Charm quark (c) 2 1/2 2/3 1.27 GeV
Bottom quark (b) 3 1/2 -1/3 4.18 GeV
Top quark (t) 3 1/2 2/3 172.69 GeV
Electron (e) 1 1/2 -1 0.511 MeV
Muon (p) 2 1/2 -1 105.658 MeV
Tau (7) 3 1/2 -1 1776.86 MeV
e neutrino (ve) 1 1/2 0 ~ 0 MeV
p neutrino (v,) 2 1/2 0 ~ 0 MeV
T neutrino (v;) 3 1/2 0 ~ 0 MeV

Table 2.1: Properties of the fermions in the SM.

There are four types of fundamental forces known to date : The gravitational
force, the electromagnetic (EM) force, the weak force, and the strong force. The
gravitational force has very small scale of interaction compared to the other
three fundamental forces and its origin, or the mediator of the force named
graviton, is still at a hypothetical stage which still has to be proven. Thus it is

not yet fully incorporated as the grand unification theory. However, the other

but carry opposite charges.



Particle Spin Charge [e] Mass

Photon () 1 0 0 MeV
Gluon (g) 1 0 0 MeV
W boson (WE) 1 +1 80.377 GeV
Z boson (Z) 1 0 91.1876 GeV
H boson (H) 0 0 125.25 GeV

Table 2.2: Properties of the bosons in the SM.

three forces are enough to explain the phenomena occurring at the high energy
physics field, considered in this thesis.

The electromagnetic force occurs between electrically charged particles with
exchange of photons as the mediator. The strength of its interaction is known
to be the fine structure constant agy ~ 1/137 determined by comparing the
electron mass with the electrostatic energy between the two electrons separated
by one natural unit of length. It further depends on the momentum transfer
scale (Q?) of the interaction and can increase up to apn(Q? = m2) ~ 1/129 at
Q*=m2.

The massless gluons are the mediators of the strong interaction. Its fun-
damentals are described in the framework of QFT called quantum chromo-
dynamics (QCD). QCD introduces three types of charges that is carried by
strong interacting particles, also known as colors : Red (R), green (G), and
blue (B). Analogous to electromagnetic interaction where antiparticles carry
positive charges instead of negative charges, antiparticles carry anticolors that
are denoted as R, G, and B.

Gluons carry eight types of color charges from the combination of colors and
anticolors, discarding the (RR 4+ GG + BB) color combination as it is colorless
and thus becomes only a hypothetical state. Gluon has the self interacting na-

ture which makes such three gluon vertex g — gg available. Finally, unlike amy,



the strength of QCD interaction ag decreases with energy. In other words, at
high energy (or at short distance scale), strong interaction becomes asymptot-
ically weaker and quarks in these scale can be treated as free particles. On the
contrary, at low energy (or at long distance scale), strong interaction becomes
stronger so that its effective color charge increases with distance.

The weak force is mediated by W or Z bosons. Charged-current interactions
are mediated by the W boson whereas neutral-current interactions are medi-
ated by the Z boson. Weak interaction has several notable characteristics that
leads to its special features. First of all, as the name suggests, the interaction
strength anyeax ~ 1070 is much smaller than the electromagnetic and strong in-
teractions. Secondly, the charged current interactions have only been observed
with left-handed state fermions and right-handed state antifermions. Follow-
ing caveat is that numerous experimental evidences [13-23] already indicates
that neutrino should have mass above zero. This contradicts to the experimen-
tal observations of only left-handed neutrinos while no evidence is shown for
right-handed neutrinos where both are needed to form the Yukawa coupling for
its mass generation. Such facts lead to many intersting scientific developments
in both theoretical and experimental sides which will be further discussed in
Chapter.

Later by Glashow, Salam, and Weinberg, the electromagnetic interaction
and the weak interaction was unified to the electroweak (EW) theory. It follows
from the theory that the p parameter defined from the mass of W and Z bosons
with the electroweak angle (fgw) forms a special relation. This will be further
discussed in Chapter. [6] with its connection to the additional Higgs portal that

provides fine tuning corrections.



2.1.2 Open Issues with the Standard Model

Despite the remarkable success of the SM to describe the nature, there still
remains several open issues that need to be addressed regarding the SM. In the
theoretical aspect, the hierarchy problem which concerns the large discrepancy
between the mass of H boson around 125 GeV and the other maximum possible
energy scale of the theory that can be considered (e.g. the grand unification scale
106 GeV or the Planck scale 10' GeV). As its scale differs by a huge amount,
if the discovered H boson is the constituent of the SM, it opens the possibility
that the SM is only an effective theory of the true nature at higher energy scale.
The Supersymmetry (SUSY) model is introduced in this context, if there is no
new physics below the Planck scale, the radiative corrections to the H boson
mass is at the enormous Planck scale. However by employing SUSY model,
the immense radiative correction cancels out through loop contributions of the
SUSY partner particles. Such interpretation is introduced in some studies [24]
claiming the need of fine-tuning for naturalness, while others criticize that such
attempts to solve the mysteries of nature with asethetic reasons are a waste of
time [25].

Several tensions derived from measurements that conflict with the predic-
tions of the SM are also left as open issues. One of the famous issues is the
long standing anomaly of the magnetic moment of muons which is referred to
as muon g — 2. At a precision of 0.35 ppm, the anomaluos magnetic moment
of muon disagrees by 4.2 o from the SM predictions [26]. Such deviation is not
shown for the case of electrons. Additionally, LHCDb reported violations of lep-
ton flavor universality E| evidenced by measuring the branching fractions from B

mesons |27, 28]. As aforementioned, neutrinos that are postulated to have zero

2The SM expects leptons to behave in a same manner but with differences only arousing
from different masses of each flavors.
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masses in the SM, are observed with oscillations [13}23] which in turn imply
that neutrinos carry nonzero masses. For its possibility to address the matter-
antimatter asymmetry of the universe with Majorana nature of neturinos, it is
considered as the smoking gun for new physics outside the SM coverage which

will be discussed in Chapter. [4

2.2 Monte-Carlo Event Simulation

2.2.1 Factorization Theorem

In order to calculate the cross section of a scattering process in hadron-hadron
collisions, information on momentum which a parton carries is the starting point
of its anatomy. This is due to the fact that a parton does not singly emerge
but instead comes from its parent hadron, carrying fractional momentum of the
hadron. This lies in the nonperturbative realm of QCD which is not calculable.
However, by introducing the factorization theorem [29], it is possible to calculate
by separating the short and long distance effects in QFT. This approach is the
key to the success of hadron-hadron collisions for both theory and experiment.

The cross section for a scattering process ab — X can be written as [30]
o= Z/d$adxb/fa(xaaMF)fb(iL‘b:MF)dUab(ﬂFa,uR)- (2.1)
a,b

This formula consists of two key items which are

o f(z,pur) : The parton distribution functions (PDF) [31] encapsulate the
information of probability to find partons in a hadron as a function of
momentum fraction (x) carried by partons. It contains the information

on long distance structure of hadrons.

o oa(pr, ur) @ The parton level cross section describes the probability for
initial partons @ and b to form the final state X . This describes the short

distance physics with larger transverse momentum transfers.
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Here, we introduce two scales, up and pr which are factorization scale and
renormalization scale, respectively. The scale pp is the energy threshold which
sets the boundary between the short and long distance physics. All long dis-
tance processes below the threshold are absorbed into the PDF while above are
included in the parton level cross section. In order to resolve the logarithmic di-
vergences that rise from loop diagram contributions, the scale g is introduced

which eventually controls the QCD coupling constant ag(ug).
2.2.2 Parton Distribution Function

As a consequence of the factorization theorem, the constituents of proton which
are quarks and gluons E| can be treated independently from the hard scattering
process. The constituents of protons are named parton which was first pro-
posed by Richard Feynman, considering any hadron as a composition of mul-
tiple point-like constituents. The information of partons and its probability to
be found in a hadron are encoded in PDFs [32]. At the LHC, beam energy is
in O(10 TeV) scale and partons carry out some fraction of energy when it gets
involved in hard scattering process. Also considering higher order calculations
where gluons can even contribute to EW processes, it becomes obviously im-
portant to accurately estimate the parton distribution function as it is is the
underlying stone for the whole factorization theorem we utilize in high energy
physics.

There has been many updates on modern PDFs. Nowadays, not only con-
sidering gluons being responsible for the missing momentum of protons and
scaling violations, heavy flavor quarks (charm and bottom quarks) that are
heavier than the mass of proton are also regarded as a parton that forms a

proton in sea quark level. In addition, although much weaker than the QCD

3For extreme cases, electrons and photons are sometimes also considered as constituents
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interaction, EW interaction is also introduced to PDFs that radiates photons
and eventually leptons starting from quarks [33]. Such development lead to
diverse physics possibilities at the LHC by considering it as proton-lepton or
proton-photon collider, expanding the potential. This will also be explored in
this thesis in Chapter. [5

The determination of PDFs are done by extraction of fitting results from
multiple experimental dataset. It is also known as the global QCD fit which

depends on three inputs :

e Theoretical base : Structure functions which provides the information on
hadron’s partonic structure and DGLAP equation [34] describing evolu-
tion of PDF under different energy scales. More details on theoretical

foundation are explained in Ref. [32].

o Experimental data : A large variety of data is used starting from the first
deep inelastic scattering experiments and the latest results from LHC.
Most of the low Q? phase space is constrained from DIS data while high

@Q? which needs higher energy scale is given constraints from LHC.

o Statistical framework : The PDF that is used in Chapters. [5]and [6]is from
the NNPDF collaboration [32]. Every PDF collaboration adopts their own
framework for statistical analysis and NNPDF relies on machine learning

for parameterization and optimization for fitting the PDF.

The PDFs at are shown as a function of Bjorken scale z for Q% = 10 GeV?
and Q% = 10* GeV? as an example in Fig. Valence quarks, which give rise
to hadron quantum numbers, are either up (u,) or down (d,) flavor. It can be
easily noticed that wu, is universally double the height when compared to d,.

This can be easily interpreted when considering the proton is composed of two
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up and down valence quarks. It is also depicted in Fig. that sea quarks
are also considered as constituents of protons. These are the flux created from

gluon splitting inside protons which becomes more active in larger Q2.

4
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Figure 2.1: PDF at NNLO is shown as an example at factorization scales of
10 GeV? (left) and 10* GeV? (right) extracted from NNPDF collaboration. The
figure is taken from Ref. [35].

2.2.3 Hard Process

While the parton content of the proton is determined from PDFs, next step for
the MC event simulation is computing the main physics process that are of our

interest. Its calculation is done perturbatively, expanded as

o= O'Lo(a%+k) + UNLo(a§+k) + O'NNLo(O%Jrk) + - (2.2)

Leading order (LO), next-to-LO (NLO), and next-to-NLO (NNLO) are repre-

sented with or,0, oNLO, and onNLO, respectively. k denotes order of ag for the
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process’s tree-level diagram. One can realize that the orders are corrected for
ag in Eq. 2:2] In order to construct healthy perturbative expansion, the cor-
rections need to be sufficiently small which is the case for LHC collisions when
considering the scales of energy, for example, ag(myz) = 0.1189 + 0.0010. Also
EW corrections from photons are considered to be ignorably small compared
to ag and also not employed in most of matrix element level calculators or only
available for fixed order calculations due to technical limitations so far.

The cross sections in order X is written as
ox = /d(I)n|Mx|2 (2.3)

where Mx =Y F 5% is the matrix element, the sum of all amplitude from Feyn-
man diagrams (and rules), d®,, denotes the phase space elements for particles
in the final state. This is a highly multidimensional computation with complex
peak structures most of the time coming from resonance productions which
adopts the Monte-Carlo (MC) technique to overcome the difficulties.

Most of the matrix element level calculators go through unweighting proce-
dure for every event to assign with same weights per event. This is processed in
sequential steps : (1) Estimate a good guessing function of the full integral over
the phase space. (2) Generate events at random points based on the guessing
function and accept events if it is within the desired phase space integral. If
it is not contained in the desired integral, the event is rejected. This is done
multiple times at random points until the events stacked altogether is able to
represent the desired phase space integral.

Some advantages can be expected by unweighting the events. Most of all
when performing systematic uncertainty studies in experiments, without un-
weighting the events, an event with enormously large weight can induce a huge

systematic effect which is not natural and also not a constructive study. This
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also connects to experimental intuition that the actual data taken from exper-
iments has equal weight at 1 that later corresponds to the total event count.
Another advantage comes from the following simulation step such as the detec-
tor simulation which is time consuming and heavy with core usages. In order
not to introduce unstable nature of weighted events as discussed above, power-
ful statistics is needed from MC event generators. But if all events are passed
through the following sequential steps, it would lead to a waste of time and

resources without much gain in physics.
2.2.4 Parton Shower and Hadronization

The step after the hard scattering process is referred to as the parton shower [36].
Although the quantum electrodynamics (QED) interactions with photons are
also considered in this step when the final state particles of hard scattering
process carries an electromagnetic charge, the word parton is derived from the
fact that the QCD interactions are more likely to happen with gluon self in-
teraction and stronger interaction strength. The process goes through multiple
radiations of photons and gluons or split into quark pairs until it decreases up
to the point where it needs to be taken care by nonperturbative calculations.
The factorization scheme again allows us to describe the parton shower by
setting up the soft and collinear boundaries against the hard scattering process.
The probabilities of radiating a parton or splitting into partons in this soft and

collinear limit can be calculated with logarithmic behavior as

dt
Aoy = dang—s?dquSPji(z, ®). (2.4)
Y

The splitting function [30] describes the n-parton differential cross section tran-
sition to (n + 1)-parton differential cross section through the radiation or split
of partons. ¢ represents the azimuthal angles of the parton shower and Pj; are

the Altarelli-Parisi functions describing the kernels.
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Most importantly, ¢t is the evolution variable which can characterize the
limits with 6, pr, or @ which are opening angles, transverse momentum, and
virtuality of the parton shower. Different choices of the ¢ parameter results in
different computation methods in MC event generators. As can be inferred from
Eq. [2:4] the formula introduces singularity when ¢ reaches 0 which implies soft
(pr — 0) and collinear (# — 0) limits. This can be easily comprehended from
the nature of QCD where gluons can self interact infinitely with low energy
emissions (g — gg). Thus, it is necessary to define a scale protecting the diver-
gence from the singularity with low energy scale O(1 GeV) which is called the
hadronization scale.

The hadronization is responsible for converting the multitudes of partons to
colorless final states. The first attempt to consider this process with applicable
MC modelling was the Feynman-Field model. It starts by considering individ-
ual partons recursively applying ¢ — ¢ + hadron. However this model was
strongly frame dependent and not infrared safe. Also the model did not embed
the confinement that governs the QCD processes with gluon self-interactions.
One commonly used hadronization model is called string model. From the cal-
culations of lattice QCD in the quenched approximation in Fig. 2.2 the con-
finement can be given with a potential V(R) ~ kR for large R limit where R

is the separation of the two partons [37].
Jet Merging

While the main theoretical calculations are dealt in the first two steps of MC
event generation that are hard process and parton shower (including hadroniza-
tion), one more step would also be worth to discuss. The first hard process is
given with a given number of incoming partons and outgoing particles. For

example, Drell-Yan (DY) to dilepton process can be considered as 2 — 2 pro-
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Figure 2.2: The quark potential from quenched lattice QCD shown in lattice
units (0.1 fm). The figure is taken from Ref. .

cess. But in the real world, especially at the LHC, from QCD interactions of
incomping partons, it is very likely to yield jets. If the hard process DY is
calculated solely for 2 — 2, additional jets are expected to be produced from
the parton showers. Although this can be effective for soft QCD emissions that
provide small Lorentz boosts to the dilepton system, it would not be feasible
to evaluate the hard QCD emissions that could also occur.

So for better modelling of such phase space, jet merging technique was de-
veloped . Jet merging is applied where the additional jets are modelled from
both hard process and parton shower. Now in matrix element level calculations,
instead of 2 — 2, matrix elements up to 2 — 2 + n where n is the number of
additional jets is calculated and then goes through parton shower step. Matrix
element calculations hinder from divergence (e.g. infinitely branching g — gg),

and on the other hand, parton shower cannot reach above certain scale. How-
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ever, as the jets emerge in both steps, the same jet that hits the same phase
space in between can be produced twice which potentially leads to the double
counting of events. Thus, jet merging is responsible for splitting the phase space
for jets to ensure the correct coverage without double counting. Conceptually, if
the jet is soft, below a given artificial jet merging scale, in the event but comes
from hard process not parton shower, the event is dropped. Conversely, if the
jet is hard above the jet merging scale, events that acquired the jet from parton
shower are discarded.

To ensure the jet merging is well modelled, generated MC events are tested
with differential jet rate (DJR) distributions. DJR, which roughly is a proxy
of the jet’s pr, shows the resolution between n-th and (n + 1)-th jets and is
expected to be smooth despite the artificial selection of jet merging scales. As
an example, Fig. is given with blue and red curves which each represent jets
from parton shower and matrix element, while jet merging scale is denoted with
the purple dashed line, labeled cutoff. Again, the basic concept of jet merging is
accepting the events only if jets above the merging scale is from matrix element
and only if jets below the merging scale is from parton shower. Thus the blue
and red curves do not appear in each other’s sections divided by the merging
scale. If the merging scale is poorly chosen the artificial selection of the scale
leads to non-continuous jet pr distribution so this needs to be iteratively tuned
for proper choices. In addition, as the emission of jets highly depend on the
scale of momentum transfer occuring in the event, different physics processes

lead to different choices of jet merging scales.
2.2.5 Detector Simulation

In order to construct a realistic MC event, not only the theoretical calculations

of a physics process but also a modelling of detector repsponses need to be
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Figure 2.3: Example figures of jet merging scales. Left and right depicts the case
where jet merging scale (cutoff) is chosen either too low or too high inducing
a sudden jump in the distributions. However with properly tuned choice of the
scale as in the middle, the jets are expected to be better modelled.

simulated. This is normally achieved by using the GEANT 4 [39] program which
is encoded with a large spectrum of physics models that range from several eV
to TeV scale simulating how particles interact when propagating through the
detector material. It provides the geometry of how detector is built with its
subdetector system and simulates the detector material response of particles.
Several detector geometry packages are provided by GEANT 4 which includes
the geometry of CMS detector which makes it feasible to simulate MC events
to be used for CMS data analysis.

2.2.6 Pileup Events

Dealing with pileup events is one of the greatest challenges for proton-proton
collision experiments. The deeply inelastic collisions that are usually the pro-
cesses of interest are contaminated by subordinate proton-proton interactions
that can occur either within or across different bunch crossings. Thus, such
effect has to be modelled for realistic experimental environment where multi-
ple pileup interactions can be taken into account (See Fig. for example). It

obviously takes a long time and a lot of computing resources to fully and indi-
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vidually simulate such soft QCD interactions for each event. Thus, high energy
physics experiments use the premixing method by first constructing a library
of minimum bias (MinBias) sample. The MinBias sample is the collection of
events that is collected by experiments with the loosest trigger requirements. It
is generated from the neutrino gun simulation H which effectively has no effect
in collider simulations as neutrinos leave no trace even in the hard scattering
part. These are processed all the way through detector simulations and form a
library of purely pileup interaction events. When the library is prepared, MC
simulated events that are of physics interest with detector responses are over-
layed (premixed) with randomly selected events in the library to mimic the

pileup interactions happening along with the hard process.

Figure 2.4: An event collected by CMS in 2015, Run/Event number
195099/35438125 showing the reconstructed vertices. Figure credit : CMS.

‘Event generator for electroweak pp — vv process with random neutrino momenta that
are back-to-back.
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Chapter 3

Experimental Backgrounds

3.1 The Large Hadron Collider (LHC)

The LHC [40, 41] is a multi-purpose particle accelerator designed to conduct a
proton-proton (pp) collision experiment, located at the European Organization
for Nuclear Research (CERN). Fig. shows the whole accelerator complex
constructed at CERN. Protons are accelerated through the 26.7 km circumfer-
ence ring around the border between Switzerland and France with an average
depth of 0.1 km. The LHC is designed to collide protons at a center of mass
energy /s = 14 TeV condition corresponding to a beam energy of 7 TeV per
beam [1
The underground tunnels were originally built for the Large Electron Positron

(LEP) collider [42] and the LHC is sharing the investment that has been con-
structed long time ago. Using the experimental caverns in the underground have

several advantages. It is not expensive compared to the high cost of the land

!The numbers written here are valid only for proton-proton collisions.

22 i _»':_]-!



2010 (27 km)

A North Area.

ALICE LHCb

T AWAKE
HiRadMat
b
AD
. ISOLDE
ﬂ REX/HIE
~—| East Area |
1INAC 4 4’;' CLEAR

LEIR

LINAC 3

Figure 3.1: The accelerator complex of CERN in 2022. Smaller machines form
a chain to boost the particles before being injected to LHC beam pipe. Figure
credit : CERN.

above along the Jura mountains. But also it can naturally reduce the cosmic
rays which can be considered as a noise for collision experiments due to its high
energy and straightness of the tracks while it also serves as an effective shield
with the radiations from the collisions at the LHC.

Before the protons are injected through the pipes of the LHC, it goes
through the injection chain to acquire the necessary boosts. The boost of pro-
tons start from a hydrogen gas, being placed in a strong electric field being
taken away their electrons through ionization. The injection chain starts from
a linear accelerator named LINAC2 with an energy of 50 MeV. The protons
are then fed into the Proton Synchrotron Booster which increases the energy
from 50 MeV to 1.4 GeV. Then it goes through the Proton Synchrotron and
the Super Proton Synchrotron which further accelerates the protons to reach
25 GeV and 450 GeV, respectively. At last, the beams are now ready to be

injected to the LHC ring. 16 radio-frequency (RF) cavities further boost the
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protons to the final collision energy 6.5 TeV which is the final beam energy for
13 TeV collsion ﬂ With 40 MHz oscillating electric field induced by RF, the
proton bunches are separated by 25 ns corresponding to 3564 bunches at the
full intensity with 10! protons per beam. With RF, the LHC is able to reach
6.5 TeV after 20 minutes of rotations around the ring.

The very first run of LHC started on 10th of September in 2008. However,
after 10 days, magnet quenching incident occurred and caused a serious damage
to more than 50 superconducting magnets and vacuum pipes. Thus first oper-
ational run happened on 3rd of March in 2010 with 3.5 TeV of proton beam
energy. The energy was later elevated to 4.0 TeV in 2012 and was shut down
on 13th of February in 2013 for the first upgrade plan Long Shutdown 1, LS1.
The very first data taking years in 7 and 8 TeV collision energy is called Run
1.

After LS1, Run 2 started on 5th of April 2015 after two years of resting with
13 TeV collision energy which was slightly lower than the original goal 14 TeV.
This was due to the slow progress of magnet training which is to prevent the
quenching effect. In 2016, LHC started to increase the luminosity for proton-
proton collisions which was able to reached the design value on 29th of June.
This improvement extended further and continued during Run 2 until 17th of
April on 2018. Due to the different proton beam conditions in 2015 and the rest
of the years, Run 2 dataset analyses use usually refer to the data collected in
2016, 2017, and 2018.

After LS 2, which was prolonged for quite some time due to COVID-19 crisis,
LHC restarted on 22nd of April in 2022 with larger beam energy of 6.8 TeV. This
Run 8 is scheduled until 2026 and this will be the final Run before the High-

?Beam energy is set to 6.8 TeV for 13.6 TeV collision at the time of this thesis being
written
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Luminosity LHC (HL-LHC) era [43]. HL-LHC is a project ultimately aiming
to take the integrated luminosity by a factor of 10 beyond the design value of
LHC by elevating its performance further. This is expected to start from the
beginning of 2029 which will allow physicists to measure more rare processes
and seek more possibilities for BSM physics.

LHC hosts four different detectors along its beam pipe in Geneva. These
detectors are situated at four beam crossing sites. The two main detectors which
are designed for general purpose are ATLAS and CMS. These two detectors
are designed to perform search for BSM physics and precision measurements
of the SM physics. The other two detectors which are ALICE and LHCb are
designed to study the quark-gluon plasma in heavy ion collisions and the to
study the charge-parity violations and flavor physics with the b quark hadrons,
respectively. All of these detectors were intentionally designed and operated by
exclusive collaborators which enables mutual cross validations and also induces

productive competitions for better science.
3.1.1 Luminosity

The potential of collider physics highly depends on the statistics it can accumu-
late for interesting physics processes. Measure of this can be expressed through
the quantity, luminosity. The number of events N that a particular physics

process occurs at a collider for a given interval of time ¢ can be expressed as

dN

ﬁ = Uﬁjnst (31)

where o is the cross section of a given physics process. Linst is the instantaneous

luminosity and can be experimentally given as

nprle2f

Linst = Ab

Reorr- (3.2)
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Here ny,, Np, f, Ap, and Reor represents the number of colliding proton bunches,
the number of protons in a bunch, the frequency of revolution, the area of beam
quantifying its narrowness, and additional correction factor to account for the
inclination for the beams to overlap at crossing sites, respectively.

The time integration of the instantaneous luminosity, the integrated lumi-
nosity Lint that is accumulated from CMS since the beginning of the LHC in
2010 is shown in Fig. The peak value of List that was recorded by CMS
034 cm—25—1

during Run 2 was around 2 x 1 which exceeds the design value by

a factor of two.
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Figure 3.2: Cumulative luminosity versus day delivered to CMS for collisions
at nominal center-of-mass energy. Figure credit : CMS.
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3.2 The Compact Muon Solenoid (CMS) Detector

The CMS detector [44] is one of the two large general purpose detectors built
on the LHC. Its very first goal was to discover the Higgs boson along with
ATLAS and provide corroboration of findings for each other. This was achieved
on 4th of July in 2012 as both experiments announced the discovery [11, [12].
After the discovery which was the last missing puzzle piece of the SM physics,
goals for both ATLAS and CMS extended further : (1) Measuring properties
of the Higgs bosons and SM physics processes with precision, (2) Exploring the
physics at TeV scale and probe possibilities for undiscovered BSM physics.
The CMS detector can be depicted as an approximate cylindrical shape
with the collision point situated in the center and symmetry axis laid along the
beam axis. Its most characteristic feature is the central solenoid magnet which
provides a large magnetic field of 3.8 T. This enables a precise measurement
on transverse component of momentum pr as it bends the track of charged
particles. A 3D overview of the CMS detector is in Fig. [3.3] As illustrated,
CMS is composed of smaller subdetectors each optimized to measure different
types of particles. From innermost to outermost, pixel detector, silicon tracker,
electromagnetic calorimeter, hadronic calorimeter, and muon calorimeter are

placed.
3.2.1 Coordinate System

In order to describe the particles that emerge in the detector using Lorentz
vectors, CMS adopts right-handed non-Euclidean coordinate system. The di-
rection of positive z axis is defined to be the center of LHC ring and y axis
points up toward the surface. Then one can find that z axis points to the counter
clockwise direction of the ring when looked down from the sky.

The position of a particle can be parameterized in the polar coordinate as
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Overall diameter :15.0m
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Pixel (100x150 um) ~1m? ~66M channels
Microstrips (80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
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Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels
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ELECTROMAGNETIC
CALORIMETER (ECAL)
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Figure 3.3: 3D overview of the CMS detector showing layers of components.
Figure credit : CERN.
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illustrated in Fig. The azimuthal angle ¢ can be defined in the zy plane
as the angle separation from the x axis while the polar angle 6 is the angle

separation from the z axis. From 6, the pseudorapidity 7 is further defined as
0
n=— ln[tan(g)]. (3.3)

This is invariant under Lorentz transformations along the longitudinal axis. As
both 6 and n are Lorentz invariant along the longitudinal axis, the angular
separation between two different particles p; and po is also Lorentz invariant,

which is expressed as

AR(p1,p2) = \/(771 —n2)% + (¢1 — ¢2)%. (3.4)

LHCb

2 - ALICE ATLAS

Figure 3.4: The coordinate system of CMS detector. Figure Credit : Izaak
Neutelings.

3.2.2 Tracking System

The innermost layer of CMS is instrumented with silicon detectors |45] which
is known for their speed and high granularity design. Its active area 200 m?
is the largest silicon tracker ever built. The main purpose of tracking system
is to precisely reconstruct the helical tracks of charged particles through the

magnetic field. This system is crucial for two reasons : (1) The reconstructed
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tracks serve as the basis of the particle-flow algorithm that will be discussed
in Chapter. (2) The particle track parameters need to be associated with
interaction vertices, identifying pileup interaction points.

The module of tracking system which is closest to the beam axis at r <
200 mm is the pixel detector. In the high-multiplicity environment at the LHC,
this area needs to deal with the highest particle flux and thus pixels are em-
ployed in small sizes, 100 x 150 pum?. Going further away from the beam axis,
silicon strip detectors are injected as the environment is not that much harsh
with decreasing particle flux per area. The lengths of strip detectors are much
bigger than those of pixels which is up to 10 cm while the widths vary from 80
to 180 pum. A schematic view of the system is shown in Fig. In all layers
of the system, the modules all rely on the p-n junction which creates the signal
current when charged particles traverse and induces ionization electrons and

holes.
3.2.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) [46, 47| is built right outside the track-
ing system, assembled with about 70,000 lead tungstate (PbWOy) crystals.
This was chosen for its high density property (8.3 g/ecm?) and short radiation
length (0.89 cm) that can well fit in the space constraints of the CMS detector
inside the magnet coil. The length of crystals in barrel (endcap) are 23 (22) cm
which corresponds to 25.8 (24.7) radiation lengths. However, because of its low
light yield, it requires photodetectors with powerful amplification capability
and that can tolerate harsh magnetic field environment. Thus, avalanche photo
diodes are glued onto the back of the crystals, converting the light signals from
crystals to amplified electric signals.

The crystals are set up in the barrel (|n| < 1.444) with 61,200 crystals
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Figure 3.5: The tracking system of CMS detector. It is separated into multi-
ple parts, including the pixel part in the center (PIXEL), tracker inner barrel
(TIB), tracker inner disks (TID), tracker outer barrel (TOB), and tracker end-
cap (TEC#). The 4+ and — signs for TEC corresponds to the z-axis coordinate
of the detector. Figure credit : CMS.

and in both ends of the endcap with (1.566 < |n| < 3.0). The small 1 gap in
between, absent with ECAL system, is for the cabling and supporting structure
of the inner located tracking system. Each crystals are placed to face the center
interaction point with the cross section 2.2 x 2.2 cm? at » = 1.29 m. This
is because the Moliere radius of the PbW O, is 2.2 cm which enables it to
contain 90% of energy in average. In front of the ECAL system in both sides
of the endcap regions lie preshower sampling calorimeters designed to provide
better granularity for the system. Its disk is 20 ¢cm with two layers, composed
of lead absorbers and silicon strip readout. Although the main measurement
is performed by the PbW Oy crystals, preshower becomes useful when trying
to measure the locations of incident particles. Schematic view of the ECAL is
shown in Fig. 3.6

The uncertainty in the energy measured with calorimeter is governed by the
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Figure 3.6: Schematic view of the CMS ECAL system. The figure is taken from

Ref. .

equation [49)
2 2 2
o S N
-] == — c? 3.5
(%) (@) +(5) + (35)
where S represents the stochastic term depending on the number of scintillating
photons occur, N is the noise term from the electronics or backgrounds from
pileup interactions, and C represents the constant term caused by the non-

uniformity of the crystal materials. During the very first CMS commissioning,

values were measured to be S = 2.8% GeV'/2, N = 0.12% GeV, and C = 0.3%.
3.2.4 Hadronic Calorimeter

The hadronic calorimeter (HCAL) lies outside the ECAL, split into four re-
gions : the barrel (HB), endcap (HE), forward (HF), and outer (HO) regions
(see Fig. . Unlike the ECAL, HB and HE are sampling calorimeters which
cover the intervals || < 1.3 and 1.3 < |n| < 3.0, respectively. designed with
alternating layers of absorbing and detecting materials. Brass absorber plates

are used as absorbing materials that initiate hadronic showers by inducing an
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interaction between the nuclei of the material and the propagating particle.
The plastic scintillators which consist of multiple silicon photomultipliers that

sample the hadronic showers from brass plates.

15I 14 ng2 11 10 9 mgl 6 5,4 ]}mg()l
HCA H&QVALQI
S
=16
N —

HCAL HB

Collision point

Beam line 'y

! 70 m
! 11.15m

Figure 3.7: Schematic view of the CMS HCAL system. The figure is taken from
Ref. [50].

Very close to the beam pipe in the region 3.0 < |n| < 5.0 lies HF which is
11.2 m away from the interaction point. As HF is exposed to harsh radiation
environment, it is designed with radiation resilient steel for inducing showers
which are captured by quartz fibers as Cherenkov light. Further away outside
the magnet coil in the barrel region is inserted with HO in order to compensate
for its short absorber length. This addition guarantees the absorption of residual
hadronic showers before escaping from the detectors.

As for ECAL, the energy resolution of HCAL is also tested before CMS
started taking data. With the energy resolution equation in Eq. [3.5] the values
were measured to be S = 115% GeV'/2 and C' = 5.5% with N being negligible.
As one can easily notice, HCAL has very poor energy resolution compared to
ECAL which makes the PF algorithm more crucial when reconstructing the

jets.
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3.2.5 Muon System

As the name Compact Muon Solenoid already suggests, the muon system is
considered to be the most essential part of the detector. It is located at the
outermost layer of the CMS detector covering the area or |n| < 2.4 and r =
7.4 m. With its minimally interacting nature, muons with pp > 1 GeV are very
much stable and are expected to be the only type of particle that can reach
the farthest unlike other particles that stops propagating in the middle of the
detector. Thus, the muon system can still function with the delicate technique
of detecting ionized free electrons from gas when muons pass through. Three
different types of muon detectors, shown in Fig. 3.8} are used to form the whole
muon system but they all employ the same technique. The tracks can be inferred
from the position and timing information that is given from the free electrons
drifting in the electric field to the edges where the read-out electronics are
placed at.

Up to |n| < 1.2, the barrel region of the muon system is instrumented with
drift tubes (DT) [52] modules. The system consists of five wheel compartments
along the z axis. Each wheels can be further divided into twelve different sec-
tors in ¢ coordinate each corresponding to A¢ = 30° which contains four DT
stations. Each DT station is built with eight and four layers that are perpendic-
ular and parallel to the beam pipe, respectively. This allow the muon hits to be
recorded in 3D coordinate system that is (r, ¢, z). At the center of DT module,
anode wire is inserted where the ionized electrons drift toward to when muons
pass through. The drift time of ionized electrons can maximally be 400 ns which
is a bit longer than the bunch crossing gaps. However, given that both muon
and background rates are small, DTs are still shown to be useful with great

position resolution.
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Figure 3.8: Schematic view of the CMS muon system. DT, CSC, and RPC are
colored in green, blue, red, respectively. The figure is taken from Ref. .

On the other hand, the region in 0.9 < |n| < 2.4 needs a system with shorter
drift path as the rate of particles that emerge in this region is much higher. Thus
instead of DT, cathode strip chambers (CSC) that has advantage with faster
response time and finer segmentation is used in this region. CSC is a multi-wire
chamber of trapezoidal shape that has copper cathode strips radially going
outwards and anode wires in the orthogonal directions. The position resolutions
of DT and CSC are about 100 pm scale for both system depending on the
positions.

To correctly assign muons to the corresponding bunch crossings, resistive
plate chambers (RPC) [54] with great timing resolution is installed in overall
range |n| < 1.6. RPC is made up of two parallel plates that is filled with gap in
between. Traversing muons ionize the gas, emitting electrons sequentially which

leads to an avalanche of electrons. Although its position resolution is around
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1 cm, 1 ns of timing resolution is a great complementary to other muon systems.
3.2.6 Data Acquisition

From the bunch crossings of proton beams at 25 ns, CMS expects the data to
be delivered at the rate of 40 MHz level. With the large number of multiple
subsystem, a single event that CMS detector takes amount to a data size about
1 Mb. Combined with the rate, this means that the CMS needs a bandwidth
over 40 Th/s which definitely exceeds the feasible processing rate of modern
computing technology. In addition to the unfeasible processing rate, even if it is
possible to process all these events, large fraction of it is from soft QCD events
which are not so much interesting with regards to CMS detector’s purpose.
Thus CMS uses a trigger system [55] with hardware and software technologies
to identify physics-wise interesting events that are worth being analyzed in
depth.

The trigger system starts with Level 1 (L1) trigger which is based on the data
acquired from hardware, collected from the calorimeters and the muon system.
As the track reconstruction algorithm needs long time to run, the information
provided from the tracker system is not used. However, the track reconstruction
in the muon system is deployed as it has significantly less number of hits in the
system. With all these in account, fast data processing rate is required as the
event rate of 40 MHz needs to be reduced to 0.1 MHz level only based on
hardware decisions. This decision includes various physics signatures such as
single quality muon with pp > 22 GeV, two jets with pr > 150 GeV and
In| < 2.5, etc.

Events chosen from L1 trigger decisions are passed to the software-based
High-Level Trigger (HLT) which performs much detailed filtering of data by

reconstructing the physics objects, this time including time consuming track
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reconstruction. The events are first identified with the criteria that enabled it
to pass the L1 trigger and are further tested with multiple HLT criteria that
corresponds to the decisions from L1 trigger. For example, if an event is passed
to HLT by containing a single quality muon with pp > 22 GeV from L1, the
event is tested with a soup of HLT criteria that necessarily requires a single
muon with pp > 22 GeV such as a trigger that needs a HLT level reconstructed
muon with good isolation and pp > 24 GeV.

The sequence that L1 and HLT forms is called a trigger path (see Fig.|3.9)
and the event is kept in the storage system only if it is accepted by at least
one trigger paths. From this step, the event rate decreases to a level of 1 kHz
which makes it possible to globally reconstruct the event at a quality in which

physics analysis can be performed.

Detector High-Level

i Data
collisions L1trigger Trigger Analysis
@ —> —N‘ m—)

410,000,000 100,000 1,000
events/sec events/sec events/sec

Figure 3.9: Depiction of the data processing flow of the CMS experiment. Among
40 M events occuring per second, about a thousand events are selected by the
trigger system for most of the physics analysis purposes. The figure is taken

from Ref. .

3.3 Particle-Flow Algorithm : Event Reconstruction

To reconstruct the events with physics objects, CMS adopts the Particle-Flow
(PF) algorithm . The goal of this algorithm is to collect the information

acquired from various subdetectors and combine them to a physics object in
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an optimal way. Thus it starts with reconstructing and identifying all stable
particles in the event that are electrons, muons, photons, and charged and
neutral hadrons which are usually referred as PF candidates. These individual
blocks are used as if it came from MC event generator, to build physics objects
including the missing transverse energy so that it could be used for physics
analysis. Such approach allows to harvest the very best fruits from each detector
components and combine them into one physics object.

Schematic illustration of each type of particle’s energy deposits and trace
of tracks are shown in Fig. [3.10] This already briefly describes how PF candi-
dates are reconstructed. Muons are reconstructed by linking the track formed
in tracking system and the detector hits in muon system. Electrons also form
tracks while leaving energy deposits in ECAL. Photons on the other hand leave
ECAL energy deposits but has no tracks as its charge neutral. Charged hadrons
correspond to tracks associated with energy deposit clustered in HCAL. Neutral

hadrons only leave energy in HCAL alone.
3.3.1 Tracks and Primary Vertex

PF algorithm starts with reconstructing the tracks of charged particles that
have left its trace in the tracking system. The tracks are built based on Kalman
Filtering (KF) method [58] that are seeded with two hits in consecutive layers
in the pixel detector. From the seeds, KF method extrapolates the tracks to the
outer tracker layer one by one which is performed by using the best estimate of
a track momentum and its associated bending at the given moment. For each
step, energy deposit to materials is also taken into account from the Bethe-
Bloch equation and its energy deposit is given with uncertainty when finding
the direction to the next layer. For the tracks to be stored, it is required to have

at least eight hits in the tracker system (with each hits contributing less than
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Figure 3.10: The sketch of a specific particle’s interactions as it propagates
through the CMS detector starting from the interaction point. Cyan, red, and
green lines each represent muon, electron, charged hadrons. Green and blue
dashed lines each represent neutral hadron and photon. Figure credit : CMS.
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30 % of the overall track goodness-of-fit). The tracks are additionally required
to be originating within few mm distance from the beam axis and to have
pr > 0.9 GeV.

Reconstructed tracks are promptly used to reconstruct the interaction ver-
tices which corresponds to the position where coincidentally interaction oc-
curred, having the same origin of the tracks. Among the vertices in the event,
>" p? maximizing vertex, which is the square sum of AK4 E| clustered jets from
tracks and missing transverse energy of the vertex from the jets, is chosen as
the primary vertex. The primary vertex is considered to be the vertex associ-
ated with the hard process that is of physics interest. Other interaction vertices
are created due to pileup interactions or possibly long-lived particles. Simulated
MC samples for the analysis in Chapter. [5]is shown to select the primary vertex

more than 99 % of the time correctly.
3.3.2 Muons

Muons are reconstructed using the information on tracks from tracking system,
muon segments which are created by fitting the hits across different chambers
in muon system, or both. Muon is classified in three different types based on

how it is reconstructed :

e Standalone muon : Reconstruction starts from DT and CSC segments as
seeds additionally using hits in RPC system. This type of muon solely

depends on the peformance of the muon system.

e Tracker muon : Tracks reconstructed from the tracking system are extrap-
olated in outward direction to the muon system. Compatible segments

need to be found in the muon system.

3Definition of AK4 will be discussed in Chapter. m
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¢ Global muon : Standalone muons are propagated inwards to find matching
tracks from the tracking system. A new fit on combined set of tracks and

hits is performed for the global muons.

In addition to muon object reconstruction, for muons with pr > 200 GeV
goes through the tune-P algorithm which combines all three types of muon
information to calculate the optimal pp. For pr < 200 GeV, almost 99.5 % of

the cases favors the pr from the inner tracker decision.
3.3.3 Electrons and Photons

Electrons are reconstructed by combining with the information from tracking
system and ECAL energy deposits. The difficulty of electron reconstruction
comes from sizable bremssstrahlung photon radiations from electrons within
the tracking system. This causes electrons to radiate its energy before propa-
gating to the ECAL system which also hinders the track finding. To find the
tracks of electrons, the Gaussian Sum Filter (GSF) algorithm is used which
is known to be more suitable than the KF algorithm in case of building the
trajectory of radiating particles. In addition, instead of using the ECAL energy
deposit in a single cell, supercluster (SC) is built to encompass several clusters
in ¢ direction, aggregating neighboring cells to mitigate the energy loss due to
photon radiation.

Electrons are then reconstructed with the matching set of GSF tracks and
SCs in ECAL. The kinematics of the electron is decided by weighted linear
combination from these two information. For electrons with pp > 20 GeV, the
measurement from ECAL dominates with negligible contribution from GSF
tracks but shows about 2 % improvement in resolution with lower pr electrons.
Photons are simultaneously reconstructed along with electrons by requiring the

GSF tracks to be absent while being seeded only from ECAL clusters.
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3.3.4 Jets

From the self interacting nature of gluons in QCD, particles that can go through
strong interactions easily produce a shower while it propagates through the
detector. As many of the interesting physics lies in the domain of QCD, it
is necessary to reconstruct showered hadrons that originate from quarks and
gluons with a proper method. Such task is achieved by utilizing the jet clustering

algorithm (see Fig. as an example) with PF candidates using the FastJet

package .

Figure 3.11: An illustrative diagram of the four main jet reconstruction algo-
rithms. The jet reconstructions are performed on the same data with same
radius parameter. Note that Anti-kp algorithm creates conical shape jets with
preference for hard radiations. The figure is taken from Ref. .
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Among many jet clustering algorithms, CMS uses Anti-kp (AK) algorithm
[61] with a distance parameter of R = 0.4 for small-radius AK4 and R = 0.8 for
large-radius AKS8 jets. Jet clustering in the past, such as cone iteration algo-
rithm, was shown to be collinear unsafe as a collinear splitting of QCD particle
in the event could lead to different jet reconstruction outcomes. Nowadays, in-
cluding AK algorithm, jet clustering algorithm sequentially clusters two objects
into one composite object based on the comparison between weighted distance

parameter
2
R2
and d;gp = k%i defined as the pp of the object with respect to the beamline.

dij = min(k;, k) (3.6)
Here, kr is the pt of the object and AR;; is the angular distance between
the two objects. Most importantly, the choice of d parameter defines which
jet clustering algorithm is adopted. AK algorithm is the case when d = —2,
which effectively starts clustering objects with the hardest objects in the event,
being resilient to soft QCD radiations. The algorithm first computes all d;; and
d;p with all possible combinatorics and align them in increasing order. If the
smallest among all is d; 5, the i—th object is defined as a jet and removed from
the array. If d;; is the smallest, i—th and j—th objects are clustered together
and the whole calculation repeats until all objects are taken out as jets from
the array.

One should be mindful on the fact that jet clustering is performed on all PF
candidates, not solely on HCAL energy deposits which is a proxy for QCD par-
ticles. This genuinely means that the PF jets could even originate from muons,
electrons, or photons. For some even more extreme cases, especially in MC event
generators or Delphes which is a fast simulation module, neutrinos or BSM par-
ticles that leaves the detector without leaving a trace are also considered as jets

as the genuine definition of jet does not come from the detector signals. Instead,
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as long as there is energy that can participate in the clustering algorithm, there
is a chance that it can be reconstructed as jets. Thus for practical use, jets are
normally cleaned up by nearby leptons and the remaining jets are considered

as jets originating from quarks or gluons.
3.3.5 Taus

Being the heaviest of leptons, taus have gained great interest at the LHC.
This is also connected with the Higgs boson studies, havinga large Yukawa
coupling as it has a mass of nearly 1.8 GeV. Taus do not only decay into light
leptons and neutrinos but as a matter of fact, nearly 65 % is the branching ratio
of taus to hadronic final states. As hadronically decaying taus have charged
hadrons that would yield a signal through HCAL energy deposit, it is likely to
be reconstructed as jets.

Hadronically decaying taus are reconstructed through the hadrons-plus-
strips algorithm performed on PF jets [62]. Hadrons refer to the charged hadrons
that hadronically decaying taus carry, likely to be one to three per tau, and
strips refer to neutral pion decays which promptly decays into photons but also
possible to convert in to ete™ pairs as they traverse through the material. Due
to the large magnetic field, a spatial separation of the daughter particles of
neutral pions are expected to be bound to specific n window while spanned in

¢ direction, forming a strip.
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Chapter 4

Neutrinos

Although there are many kinds of fermions which are considered as fundamental
particles in the SM, neutrino is outstandingly special and unique compared to
others. Neutrinos are the only fermions without electric charges and with mass
of exactly 0 GeV in the SM. Due to such properties, neutrinos only interact
through weak processes and have the same helicity and chirality. In this section,
we will discuss the history of neutrino which was the main driving force of the
particle physics field since 1930. Neutrinos provided the chance of rich and deep

development for both experiment and theory field.

4.1 History of Neutrinos
4.1.1 Radioactive Beta Decay

The story of neutrinos starts from the conundrum of radioactive beta de-
cays [63]. At the time before neutrinos were not even postulated as a fundamen-
tal particle of the universe, beta decay process was only known as a transition

X(Z,N) = X (Z+1,N — 1) + e~ where X(Z, N) denotes the nucleus with Z
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protons and N neutrons. Through this process which was yet considered as a
two body decay (before neutrinos were predicted), the law of energy conserva-
tion requires

Ex = Ex/ + (K. + mec?) (4.1)

which in turn becomes
KezEx—Exl—meCQZ(mx—mxl—me)CQ (4.2)

with the assumption that the nucleus before the decay X is at rest and electron
being a much lighter particle than X’. Eq. shows that the kinetic energy of
the electron K, would have an uniquely determined value that is derived from
the mass differences of nuclei involved in the process.

However surprisingly, the experimental results from Lise Meitner and Otto
Hahn in 1911 suggested otherwise. It reported that electrons from the beta
decay have a continuous energy spectrum instead of a fixed value at certain
point. This lead to many controversial ideas, for example Lise Meitner proposed
that this was due to secondary effect which makes electron lose its energy while
being disintegrated from the nucelus. However, by Charles Ellis and William
Wooster in 1927 from the experiment measuring the radium E (bismuth-210)
with calorimetric technique, it was conclusively shown that there is no secondary
effect. As shown in Fig. [£.1] the energy spectrum from the measurements give
maximum value at 1.05 MeV with 0.39 MeV in average. If what Lise Meitner
suggested were to be true, calorimeter system which encapsulates the whole
beta decaying source should’ve been measured in average 1.05 MeV.

After this finding, they both opened up but also rejected the idea of energy
non-conservation which violates one of the fundamental laws of physics at the

same time as written in Ref. [64] :

46 ¥ [, -1 =1 —
= L &7 1



I
Distrisution curve of ﬂ~f'ARr1L‘L:5

From Raoium E

Numeer oF (3’ ~PARTICLES

15 30 +5 s 60
Enerey 107 Vours

Figure 4.1: Beta decay spectrum measured by Ellis and Wooster from bismuth-
210 using calorimeter. The figure is taken from Ref. .

If we were to consider the energy to be conserved only statistically
there would no longer be any difficulty in the continuous spectrum.
But an explanation of this type would only be justified when ev-
erything else had failed, and although it may be kept in mind as
an ultimate possibility, we think it best to disregard it entirely at

present.

This idea of energy non-conservation in beta decays was still pursued by Niels
Bohr and a note was sent to Wolfgang Pauli - which was replied with very

negative remarks and ultimately never got published .
4.1.2 A Desperate Remedy

The famous letter in 1930 , opening with Liebe Radioaktive Damen und
Herren in German which translates to Dear Radioactive Ladies and Gentlemen
in English, was sent by Wolfgang Pauli to the participants of a workshop in
Tiibingen (Germany) (See Fig. [4.2)). Although a bit informal with excuse of
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his absence at the workshop, it had a groundbreaking importance in terms of
physics. This was the very first document proposing the existence of a new type
of the particle which now is known as neutrino.

Instead of supporting Niels Bohr’s idea of energy conservation violating beta
decay, Wolfgang Pauli hypothesized a new particle neutron E| that has not been
yet found carrying away the energy during beta decay but undetected. Wolf-
gang Pauli called this a desperate remedy to keep the energy conservation law
applicable in all physics systems. Such interpretation was valid for the calorime-
ter experiment using bismuth-210 by Charles Ellis and William Wooster [64] if
this new particle has a larger penetration rate than v rays and was responsible
for the missing energy in the spectrum.

This idea was later picked up in 1934 by Enrico Fermi with his theory of
beta decay as the base of the weak interaction we know of today. However, his
work was first rejected by the journal Nature with negative comments saying
too remote from reality and in the end had to be submitted to an Italian journal.
Although the idea seemed to be too remote from reality, experimental results
of beta decays from many different atomic nuclei showed beautiful agreements

to the calculations Enrico Fermi suggested, making neutrinos more realistic.
4.1.3 Observation of Neutrinos

Frederick Reines and Clyde Cowans were tempted to verify the existence of
neutrinos by directly observing (or detecting) it instead of taking indirect hints
from energy distribution calculations. One of the main difficulty was of course
the tiny cross sections of the processes that involve neutrinos. This could be
solved by considering two factors of the experiment : (1) A source that provides

an enormous amount of neutrinos. (2) A detector that has abundant amount of

Tt later changed to the name neutrino after James Chadwick discovered the neutral nuclear
particle in 1932.
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Figure 4.2: The letter from Pauli. The figure is taken from Ref. [66].
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detector materials. Their first experimental stage in mind was somewhere close
to the nuclear fission bomb explosion sites which later they changed their mind
to a more peaceful and repeatable area, near the nuclear reactors.

With the inverse beta decay 7z +p — n-+e™’ process E| being expected as the
reaction in order to be detected, 400 L of water and cadmium chloride (CdCls)
was filled in the tank. It was designed in two layers to first detect the protons
from water interacting with neutrinos, creating neutrons along with two photons
from positron annihilation that were to be recorded with photomultiplier tubes.
The neutrons were captured by Cd nucleus which absorbs the neutrons and
then emitting gamma rays to become stable again few microseconds after the
positron annihilation. They repeated their measurements also after shutting
down the reactor to see if there was a difference in the event rates between
turning it on and off. Finally, they were able to measure the cross section

6.3 x 107** cm? which was predicted to be about 6 x 10~%* cm? in 1956 [67].
4.1.4 Solar Neutrinos

Around mid 1950s when Reines and Cowan were executing their experiments,
Ray Davis also attempted to detect the neutrinos [68]. His approach was slightly
different from the two, utilizing the C'l— Ar detector concept proposed by Bruno
Pontecorvo which works from the reaction process that is v+37Cl — 37 Ar+e~.
The idea was to count the number of Ar atoms in the detector after separating
it (by boiling the liquid) from carbon tetracholoride (CCls) to find out how
many neutrinos interacted in the detector. This was refined by Ray Davis,
using perchloroethylene (C3Cly) and bubbling the He gas through the liquid
to flush out the Ar. But his experiment failed to detect the neutrinos, being

only sensitive to neutrinos but not antineutrinos as it relies on the reaction

2Note that neutrinos were not known to have its antiparticle and flavors at that time yet.

50 :l_=-| '-\.I:_'l'



Ve + M — € + p process.

However, Ray Davis did bounce back by facing greater task and chal-
lenge that was the solar neutrino detection. He proposed a 380,000 L detector
filled with C9Cl4 in the deep underground to avoid contamination from cosmic
rays |69]. The proposal was guided by John Bahcall, a theorist, who calculated
the neutrino emission rate from the Sun and the capture rate of Cl in the
detector. This took place in the Homestake gold mine which was 1,478 m un-
derground. The technique to observe neutrinos was the same as above, counting
Ar atoms which occurred through the process v, +n — e~ + p with neutrino
energy above the threshold of 0.814 MeV [70].

Although the concept of the experiment was simple as before, and the fact
that neutrinos also have its antiparticle and carry flavors were well established
by the time the detector was built in 1967, another problem was waiting for
Ray Davis and John Bahcall. Davis’s measurements were only one third of
Bahcall’s theoretical prediction. Bahcall checked his calculation while Davis
scrutinized his measurements, but both failed to find errors in their own works.
This problem was referred to as the solar neutrino problem, deficit of solar neu-
trino observation compared to the solar model prediction, and was left unsolved
until 2001.

Again Pontecorvo suggested that the solar neutrino problem was due to the
phenomenon now known as neutrino oscillation based on the idea that flavor and
mass eigenstates of neutrinos are not identical, allowing neutrinos to transform
into other flavors while it propagates. The SNO experiment was able to address
this by designing the detector with heavy water that can be sensitive in two ways
: (1) Neutrinos with all flavors. (2) Neutrinos with electron flavor. Measuring
the deficit of electron flavor neutrinos and the consistent flux of neutrinos of

whole flavor simultaneously would suggest the neutrinos oscillation. In 2001,
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SNO [20] confirmed that the solar neutrinos oscillate as it propagate to the
Earth.

4.2 Neutrino Mass Models

Neutrinos (anti-neutrinos) have only been observed with left-handed (right-
handed) helicity state. This fact was well incorporated to Glashow, Weinberg,
and Salam’s theory of electroweak interactions (the unification of the weak and
electromagnetic interaction) when it was formulated with the assumption that
neutrinos are massless. However, the observation of neutrino oscillations was a
conclusive proof that the theory needs to be tweaked at least with some minimal
modifications to generate the Dirac mass of neutrinos in order to distinguish
different neutrino mass eigentstates.

Dirac mass of neutrinos cannot be acquired unlike the other charged fermions
after the electroweak symmetry breaking as it only exists with left-handed helic-
ity state. Though by brutally postulating neutrinos with right-handed helicity
state, assuming it has not yet been found but does exist somewhere, Dirac mass
term can be generated to explain the tiny masses of neutrinos (< 1eV). This
automatically leads to the prediction of tiny Yukawa coupling values to be be-
low 1072 which is largely different from those of other fermions. Since there is
no theoretical reason for it to be much smaller for neutrinos, such scenario is
not so much appealing from experimentalist perspective.

Among many BSM theories that were proposed to explain the nonzero
masses of neutrinos, the seesaw mechanism is one of the most popular. It
was proposed by Weinberg that the effective dimension 5 operator of the form
LLHH where L and H are the SM left-handed lepton doublet and Higgs dou-
blet, respectively. Consequently, it was also shown that there are only three

possibilities to enforce its ultraviolet completeness at the tree level. These set
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of three options are the famously known type-I, type-II, and type-III seesaw
mechanisms . As shown in Fig. depending on how LLHH is real-
ized, either a fermion singlet N (type-I), a scalar triplet A = (AT A% A0),

or a fermion triplet ¥ = (X%, %% 37), gives rise to the SM neutrino mass.

Type-I Seesaw

I

1
—_— 1 A Type-1I Seesaw

1

1

Weinberg Operator

—_—— Type-IIT Seesaw

Figure 4.3: Weinberg operator and its opening to three different seesaw models.

4.2.1 Type-I Seesaw Model

Phenomenological implementations of type-I seesaw model is an effective
treatment parameterizing the flavor mixing and the mass eigenstates. In this
thesis, for simplicity, we only consider one mass eigenstate N that might be
accessible by LHC experiments (and if someone or some experiment succeeds

to find it, this can be expanded to two or more N eigenstates). Then, a SM
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neutrino of flavor ¢ in the interaction basis l/eL which is postulated to be left-

handed can be expressed as

3
v = Unvi+VinN. (4.3)
i=1

Here, U is the complex valued mixing matrix and v;, where ¢ = 1,2,3, are
mass eigenstates, and similarly, V,5 denotes the mixing value of VEL and N.

Within this formalism, it is not too difficult to consider |U|? ~ I based on the

my
mN

observations from experiments so far while |Vy|? is suppressed to O(2) scale.

Going further, the interaction Lagrangians for NV and EW bosons become

9

Lin.:_
' V2

w,r ZWV[}\W“PLE_ (Charged Current)
14

I L ZNV[;V'W Prvl (Neutral Current)
2 cos Oy 7 (4.4)
g J—
s H %: NV ymxPpvf (Yukawa)
+ (h.c.).

Major advantage of building the formalism in such mixed mass and flavor basis
is the simplicity while indirect constraints on |V;y| from electroweak precision
measurements allows the ignorance of pair production of N by |Vyn|? < 1072,
Each line in Eq.[4.4]represents the charged current, neutral current, and Yukawa
interactions of N with W, Z, and H bosons. These various production and
decay channels provide abundant potential making the type-I seesaw model as
a feasible BSM physics at the LHC.

Further important remarks have to be made to justify the claims for study-
ing such phenomenological hypothesis instead of full canonical type-I seesaw
model. First of all, by reducing the number of independent model parameters,
one can simply report the sensitivity in the my and |Vyy|? planes. Secondly,

such mass and flavor mixed basis description becomes useful as as one can
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sum over I/fL . This is due to the fact that it can only exist either as a internal
mediator or final state that cannot be detected by the LHC experiments.

In this scenario, the smallness of the observed neutrino masses can be ex-
plained through the largeness of mass of newly postulated N, where my is
expressed as m, ~ y2v?/my. Here, y, is the Yukawa coupling and v is the
Higgs vacuum expectation value in the SM. With v = 1 and the SM neutrino
mass that is as light as O(1 eV) scale, my is required to be around 10> GeV.
On the contrary, with minuscule y,, my can also become very small, near
0 GeV. Thus from this wide spectrum of possible my range, by fine tuning the
Y, to be at a scale of the electron Yukawa coupling, my could be at O(1 TeV)

scale or lower which makes it feasible to be searched by the LHC experiments.
4.2.2 Type-1I Seesaw Model

Type-1I seesaw model [75] is a mechanism that is special in a way as it is able
to generate neutrino masses without invoking a new sterile heavy neutrino as in
type-1 seesaw model. Instead, it hypothesizes SU(2), scalar triplet in addition
to the SM and generates neutrino masses through Yukawa interactions between

the SM lepton doublet and the new scalar triplet expressed as

LY = > YapLgioasALg + (h.c.) (4.5)

a,B=e,u,T
which consequently generates the neutrino mass matrix
pg
M, = V2Y,vp = Y, —. (4.6)
LN
The last approximation is acquired by minimizing the va in the limit m2A > 02
and neglecting the additional perturbative terms. One can easily notice that SM
neutrino masses around 0.1 eV could be explained by tuning the three scales

introduced by type-II seesaw model : u, v3, and mQA.
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4.2.3 Left-Right Symmetric Model

The left-right symmetric model (LRSM) [76] is an extension of the SM by a
right-handed SU(2) group. This model is an attractive BSM candidate as it is
expected to restore the parity symmetry at high energy. In addition, as both
type-I and type-II seesaw models can be embedded in this framework, neutrino
masses can naturally be obtained.

In the effective treatment of the left-right symmetric field, it consists of
SM particles along with newly predicted heavy charged Wﬁ bosons, neutral
Z' bosons, and heavy right-handed Majorana neutrino. In such context, the
interaction Lagrangian of the left-right symmetry sector for sz can be given

as

Lint. = — I Z WW?KM,WRL’)/“PRdj (Wg coupling to quarks)

\/i i, j=u,d,..

— 5 S NVix W Pat”
)4

+ (h.c.)

(Wg coupling to leptons) (4.7)

where gg is the right-handed coupling value and CKM’ is the CKM matrix
in the right-handed sector. For simplicity, gg = ¢ is usually assumed so that
right-handed and left-handed coupling values are the same.

At the LHC, several processes can occur from LRSM, such as pp > Wgr —
tb, pp — Wgr — (N, and pp — NN when taking Z’ interaction into account as
well. With decay that is N — (W%} — £qq and free parameters myy, and my,

it provides phenomenologically abundant signal processes to be searched for.
4.3 Search for Heavy Neutrinos at the CMS

There has been number of experimental analyses performed to test the neutrino

mass models at the LHC. Here we highlight and review some of the selected
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studies from the CMS mainly to describe the short historical context during
the LHC era on how the analysis that will be presented in Chapter. [f| was
constructed. The selected analyses were performed to search for heavy neutrinos
in type-I seesaw, left-right symmetric, or composite models using 8 TeV or

13 TeV data collected by CMS.

4.3.1 Type-1 Seesaw Model in Dilepton Channel at 8 TeV

A search for heavy neutrinos decaying into a W boson and a lepton was per-
formed in dimuon final state [77] which sequentially lead to the search in dielec-
tron and electron-muon final states [78]. Both searches were performed using
19.7fb~! of data collected with the CMS detector at 8 TeV collision energy.
The heavy neutrino considered in this analysis is an artifact of the type-I seesaw
model and thus it is able to yield lepton number violating signatures from its
Majorana nature. Thus, the analysis took the advantage of same-sign dilepton
signature with additional jets which has significantly lower level of background
events compared to the case of opposite-sign dilepton signature.

The limits were set on my — |Vyn|? parameter planes separately for all
three cases where N mixes with v, only, with v, only, and with both v, and v,
simultaneously H The limits were set on the mass of all signal-like final state
objects that is ££jj. The figures in Fig. shows the exclusions set by these
two analyses, which are all set up to my = 500 GeV for |Vyy|? smaller than

1.0.

4.3.2 Left-Right Symmetric Model in Dilepton Channel at 8 TeV

The process of interest in this analysis was similar to the signal process in

Chapter. However, instead of W boson being the mediator, it is replaced

®To be more specific, limits are set on |Ven V,ix|?/(|Ven |*+|Vun|?) for simultaneous electron
and muon flavor mixing scenario.
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Figure 4.4: Exclusion limits set on my — |Vy¢|? parameter space. From left to
right shows the mixing limits set from dimuon, dielectron, and electron-muon
channels.

with Wg boson. It effectively considers the scenario in which N only interacts
with SU(2)r gauge bosons.

The analysis was performed in eejj and ppjj final state |79]. Another no-
table difference from Chapter [4.3.1]was that this analysis did not exploit the lep-
ton number violating nature. Analysis was instead performed in a charge-blind
manner, not imposing any charge requirements to leptons. This way, nonprompt
leptons which can contribute to same-sign background becomes ignorable while
major background comes from prompt contributions such as Drell-Yan or top
pair processes. The limits shown in Fig. were set on myy, —my parameter
space using m(eejj) and m(ppjj) and excluded myy, < 2.87 (3.00) TeV for
scenarios where my = 2my,, from electron (muon) channel.

Two interesting points should be noted in this analysis. The parameter space
this analysis scans on is in 2D, my and my,, which is hindered by signifi-
cant amount of signal sample it has to process. Thus analysis chose to study
my = %mWR scenarios in depth with detector simulations and map the effi-
ciency to other mass grids in the parameter plane using generator level event
distributions. Another consequence of this approach was that the parameter

space where it has the large mass gap between my,, and my was not fully
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Figure 4.5: Exclusion limits set on my, —my parameter space. Left and right
each shows the exclusion limits set from dimuon and dielectron channels, re-
spectively.

explored. This parameter region myy, > my will later be addressed by the full
Run 2 analysis described in Chapter.

Another point to make here is that this analysis showed a local significance of
2.80 excess near m(eejj) = 2.1 TeV. However, similar excess was not observant
in m(ppjj) distributions (see Fig. |4.6H4.7)). What was more intriguing was that
ATLAS also performed the same analysis but using same-sign dilepton events
did not show any excess in both electron and muon channel distributions .
The analyses from CMS and ATLAS were each public in end of 2014 and middle
of 2015. A large number of theorists paid attention to this excess in electron
channel while it was missing in muon channel and to the difference between
ATLAS and CMS results which left the hint that the excess might be occuring
from opposite-sign dilepton event only. Thus the direction of BSM searches in
the heavy neutrino searches were very clear on what to do in the beginning

of Run 2 era, addressing the difference in electron and muon channels and
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investigating the possible excess in opposite-sign dilepton events.
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Figure 4.6: Exclusion limits set on my, — my parameter space. Left and right
shows the exclusion limits set from dimuon and dielectron channels, respectively.

4.3.3 Composite Model in Dilepton Channel at 13 TeV

The composite model postulates a hypothetical constituent particle named
preon which manifests itself forming an internal substructure at the compos-
iteness scale A. In this approach, the contact interaction as well as the gauge
interaction also becomes relevant, describing the unknown internal dynamics
of compositeness with a prediction of existence of excited states of quarks and
leptons. In light of this, heavy neutrino of Majorana type is considered to be
the bound state of preons as one of the excited states. In this analysis ,
signal process consists of two leptons and two quarks.

This was a timely study answering the two questions from 8 TeV analysis

on LRSM Wpg and N searches from CMS and ATLAS :

e FElectron channel excess was observed while muon channel did not show

any excess. This, with composite model, could be explained if excited
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Figure 4.7: Distribution of m(¢¢jj) for (mw,,my) = (2.5,1.25) TeV scenario.
Left and right shows the distributions from dimuon and dielectron channels,
respectively.

electron bound state is lighter than the excited muon bound state. Thus,

muon channel excess could be expected at a larger mass scale.

e Charge blind analysis performed by CMS was observed with an excess
while same-sign dilepton analysis result from ATLAS did not show any
excess. If composite model forms a doubly charged excited state (L),
it can emerge as a signal from the process pp — eF Lt — eTetW* —
eTetqq as it shares the same final state that the CMS analysis was con-

sidering.

Another fascination in this analysis was that it was the very first analysis to
utilize the large-radius jet techniques to search for heavy neutrinos. It provides a
huge enhancement to the analysis performance as the two particle-level partons

from the signal process are likely to be collimated, being merged into one AK8
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jet with relatively large radius AR = 0.8.

However, despite many intriguing points this analysis carried, the existence
of the composite particles were excluded up to masses of 4.60 (4.70) TeV for
mpy = A scenario from electron (muon) channels using the earliest 13 TeV data
corresponding to an integrated luminosity of 2.3fb~!. The results are shown in
Fig. 1.8 Same analysis was performed using the full Run 2 dataset with adding
unitarity bound conditions to optimize the analysis in small my and large A
parameter space region. The exclusion contours were expanded, excluding up
to 6.0 (6.1) TeV from electron (muon) channels) at the limit of my = A.
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Figure 4.8: Exclusion limits set on my— A parameter space. Left and right shows
the exclusion limits set from dimuon and dielectron channels, respectively.

4.3.4 Type-I Seesaw Model in Dilepton Channel at 13 TeV

Same analysis was performed as a continuum from 8 TeV analysis, utilizing
the low-level background with same-sign dilepton final state with 2016 13 TeV

dataset . However, two notable updates were made in the search.

o Adding more sophisticated signal regions : For large my > 80 GeV, as
the composite model analysis shows, induces a collimated W — qq signal

kinematics which can be greatly enhanced in signal acceptance when using
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AKS jets. Conversely for small my < 80 GeV, N — fqq becomes a three-
body decay as W from N cannot be produced in onshell. This roughly
gives my /3 energy to the lepton and two quarks from the decay that does
not collimate unlike for large my scenarios. As AK4 jets are O(20 GeV)
scale, this leads to poor sensitivity. Thus another signal region, using one

AK4 jet as a proxy for hadronically decaying W* was also added.

o Adding y-induced vector boson fusion (VBF) process (Feynman Diagram
is depicted in Fig. : As described in Ref. , this process is available
when considering the photon effectively emitted from the PDF level. For
large m scenarios, y-induced process becomes dominant with larger cross
sections, and also yielding very similar signal-like objects in the event (two
isolated leptons with two particle-level quarks with additional quark going

to the forward eta direction).

Figure 4.9: Feynman diagrams of type-I seesaw model’s same-sign dilepton chan-
nel. Left is the typical charged current DY channel and right is the + induced
VBF channel. Both channels yield two leptons and channel on the right yields
one additional particle-level quark.

The two improvements above for the analysis leveled up in both phenomeno-
logical and experimental aspects, excluding limits were set on 1240, 1430, and
1600 GeV of heavy neutrino mass for e, p, and e — p mixing scenarios at mixing
|Ven|? = 1.0 as shown in Fig. This was the most restrictive limits set for
my greater than 430 GeV at the time.

63 . H k! T ¢



35.9 b (13 Tev)
T.

35.9 b (13 Tev)
T

35.9 b (13 TeV)
3 o 1 T T

MS MS
95% CL upper limit 95% CL upper limit

10°
my (GeV)

10° X
my (GeV)

10°
my (GeV)

Figure 4.10: Exclusion limits set on my — |VN4\2 parameter space. From left to
right shows the mixing limits set from dimuon, dielectron, and electron-muon
channels.

4.3.5 Left-Right Symmetric Model in Dilepton Channel at 13 TeV

The search as an extension from 8 TeV was performed by CMS using the same
approach with 13 TeV dataset collected in 2016 . Two isolated leptons with
two AK4 jets were selected as signal-like final state objects and the exclusion
limits were set by mapping from the my = %mWR sensitivity to the other grids
in my — mw, parameter space. As it evidently shows in Fig. @7 weakness in
the my, > my parameter space region.

A huge progress has been made when the analysis was done with the full Run
2 dataset from CMS (see Fig. . The major difficulties in the unexplored
mwy > my phase space was due to collimation of N decaying particles that
are a lepton and two quarks in particle-level. Continuing the efforts of utilizing
AKS jets to mitigate the difficulties from composite model and type-I seesaw
model analyses, an AKS jet was used to identify the AKS jet with three-body
substructure (£qq) that originates from N.

The analysis introduced a new type of variable called lepton-subjet-fraction
(LSF) that can be used as an pseudo-isolation parameter for harsh en-

vironment where lepton cannot be fully isolated from nearby QCD activities.
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LSF first disassembles the AKS8 jet into a given number (n) subjets. After n
subjets are formulated, the pr of lepton inside the AKS jet and the pr of subjet
that is closest to the lepton is compared which is the value of LSF parameter.
If LSF is close to 1.0, the AKS jet is likely to be incorporating the particle-level
lepton along with two quarks. Giving a requirement on this variable for AKS8
jets greatly improved the exclusion limits where my < 0.5 TeV that was not

fully explored in the past.
4.3.6 Overall Review and Outlook

The search for heavy neutrino analysis has been one of the hot topics in Exotica
(EXO) physics group in CMS. In particular, Jets+X subgroup of EXO has been
leading efforts for heavy neutrino searches with advanced usages of jets as a
physics object as described above since Run 1 at 8 TeV until Run 2 at 13 TeV.
Such effort now spread out to long-lived analyses such as Ref. [86], searching for
heavy neutrinos in slightly different parameter space where my is small having
longer life time with displaced features in signal processes.

This thesis was also developed in the same context, as one of the exten-
sions of efforts carried out in CMS, by exploring more advanced usage of jets,
in particular, AKS8 jets with recently developed technique that is ParticleNet
tagger [87]. This gives a huge discriminating power against background events
by identifying AKS jets that originate from resonance with various type of jet

substructures. More details will be described in Chapter. [f| with deeper details.
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Chapter 5

Search for Heavy Neutrino at the

CMS

5.1 Introduction

This search concentrates on the single lepton signatures with large missing
transverse momentum. In addition, the heavy neutrino also yield W, Z, or H
boson when it decays as shown in Feynman diagrams (see Fig. . The cases
where the bosons decay into to two light or heavy flavor quarks are considered,
which in the end yields either two AK4 jets or one AKS jet depending on the
scale of the Lorentz boost of the bosons. The analysis is performed using the
full data collected during Run 2 at /s = 13 TeV with the CMS detector. As
aforementioned, the final state that is targeted consists of a single lepton, large
intrinsic missing transverse momentum from neutrinos, and either two AK4
jets or one AKS jet. As the analysis is mainly motivated to search for heavy
neutrinos using the AKS jet as explained in Chapter. the mass scenarios of

N above 500 GeV are considered which possibly provide create enough Lorentz
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boost for the bosons decayed from N.

f v ( v v /
q o / f q W d q 7 {
) ) (/
q b q 7 bla q w 4

Figure 5.1: Heavy N Feynman diagrams with single lepton final state in particle
level.

Searches for heavy neutrinos in the same type-I seesaw model was done in
various channels at the LHC. The most recent search was from CMS using the
full Run 2 data in the same-sign WW scattering channel [88]. The search was
performed in same-sign dimuon channel associated with two forward direction
AK4 jets, excluding my up to 23 TeV for |V, n|> = 1 scenario and setting the
best limits in the my — |VMN|2 parameter plane so far for my > 650 GeV. It is
important to note that heavy neutrinos in this process is produced indirectly,
involved as a mediator through the t-channel Feynman diagram. This is the
main reason how it was able to provide the sensitivity even for my above the
collision energy at the LHC. Other searches in a more relatively similar context
to this analysis, searches for heavy neutrinos from direct production, have been
done in two and three lepton final states using the 2016 data at /s = 13 TeV
collected from CMS [82,89]. Both studies explored the sensitivity in my—|Voy|?
parameter plane for both e and p mixing N scenarios.

Here, it is worth noting that this is the first search for heavy neutrinos
in the type-I seesaw model using the H boson decay modes. As the coupling
strength between the H boson and a fermion is proportional to the mass of
fermion, this channel provides the opportunity to probe the Yukawa coupling
of neutrinos. In addition, this is the first search at the LHC to perform in the
single lepton channel since the DELPHI and L3 collaborations at LEP [90, 91].
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As these searches from the LEP have constraints from the collision energy that
was maximally at 200 GeV, this analysis provides the first chance to seek heavy

neutrinos with mass above 500 GeV with the same final state particles.

5.2 CMS Dataset and Triggers
5.2.1 Data

This analysis uses the pp collision data collected by the CMS detector during
Run 2 corresponding to an integrated luminosity of 137.4 fb~! in total. Data
collected in 2016 is split into two dataset to better describe the saturation ef-
fects in APV readout chip that happened until 13th of August. The drain speed
was found out to be slower than what was anticipated which was later changed
with the fix of VFP parameter for faster recovery. 2016 dataset before the fix
is called preVFP while the dataset after the fix is called postVFP. Each corre-
sponds to 19.52 fb~! and 16.81 fb~!, summing up to 36.3 fb~! in total for the
whole 2016. Other years, 2017 and 2018 dataset corresponds to 41.48 fb~! and
59.83 fb~!. The quality luminosity sections that are enlisted in Golden JSON,
indicating when all subdetectors were operational during the data taking, are

only considered in this analysis.

5.2.2 MC Event Samples
Signal MC Event Samples

The signal MC events are generated using NNPDF 3.1 LUXQED NNLO PDF [32]
at NLO using MADGRAPH_AMC@NLO [92, 93] and then passed to PYTHIA
8 for showering and hadronization modellings. This is an intentional choice to
incorporate the v induced VBF production channel to other channels easily
which will be described in detail below. The UFO model card used for gener-

ation is available in Feynrules database [73, |74]. The model is an extension of
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the SM by adding three singlet fermions, also known as heavy neutrinos, which
the mixing with the SM neutrinos are controlled by the mixing matrix, written
as below :

Ven,  Ven,  Vens

Vin=|Vuni Vaune Vins |- (5.1)

Ving Vin, Ving
As can be observed in Eq. mixing elements are split into three flavor compo-
sitions for three heavy neutrinos, separately. The oscillation mechanism of SM
neutrinos suggests that there should be at least two types of heavy neutrinos.
But since we have not yet found any direct evidence for the heavy neutrinos,
it is also sensible to first only concentrate the study on the lightest possible
heavy neutrino scenario. Thus, we restrict ourselves to phenomenological type-
I seesaw model studies by turning on the entries of first column of the matrix
only (electron-only or muon-only mixing N search, ignoring additional heavy
neutrinos that are Ny or N3).

Despite the fact that the study is bound to phenomenological type-I seesaw
model, unitarity cannot be violated for neutrino oscillations which indicates
that the values of mixing elements should be kept below 1.0. For the signal
MC events |V|? = 0.0001 is kept while varying the mass of my between 500
to 1500 GeV. This allows the signals to be generated under narrow width
approximation with plausible assumption obtained from electroweak precision
data [94]. The neutrino mixings are only turned on for one lepton flavor only
consequently prohibiting lepton flavor violation E The samples for muon and

electron channels are generated separately as below :

o u channel : [V,n,|? = 0.0001, |Ven, |* = 0.0,

!Lepton number violation is allowed, however with the CMS detector, Bt cannot be used
to distinguish neutrinos and antineutrinos.
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e e channel : [Von,[? = 0.0001, [V, |2 = 0.0,
e The mixing matrix entries not specified are set to 0.0.

We consider three different production channels. Charged current (CC) DY
channel is N production channel through offshell W process in the SM, con-
sidered as the dominant production channel due to largeness of W production
cross section. v induced vector boson fusion channel which considers the initial
state parton to be a photon is added as it shows larger contributions to the total
cross section as the mass of N gets larger. Another production channel that has
not yet been probed for N searches at the LHC is the neutral current (NC) DY
channel where NN is produced through offshell Z process in the SM. We add this
to our search as it yields the same final state objects with similar kinematics.
Thus the signal processes can be categorized into three N production modes as

below, written with MADGRAPH_AMC@NLO syntaxes :

e Charged Current Drell-Yan

define 11

e+ e- mu+ mu-
define vv = ve ve” vm vm~

generate p p > 11 nl1 [QCD]

e 7 induced Vector Boson Fusion

define 11 e+ e- mu+ mu-
define vv = ve ve” vm vm~

generate p a > 11 n1 j [QCD]

add process a p > 11 nl1 j [QCD]

o Neutral Current Drell-Yan
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define 11

e+ e— mu+ mu-

define vv = ve ve”™ vm vm”~

define ww wt w-—

generate p p > vv nl [QCD]

For the resonant N decays of the signal processes, MADSPIN [95] is used
with spin correlations properly taken into account. It’s also worth noting that
branching ratio for H boson is inaccurate due to the technical limitations of LO
decay treatment. This computes H boson’s branching ratio to bottom quark pair
to be around 80 % which is quite far from the known level of precision at 58.9 %.
Thus, signal samples are all separately generated for individual processes to
account for correct production cross section and branching ratios. Considered

decay channels of N are triggered in MADSPIN with syntaxes written as below

W to light quarksﬂ: decay nl > ww 11, ww > j j

Z to light quarks : decay nl > z vv, z > j j

7 to bottom quarks : decay nl > z vv, z > b b~

H to bottom quarks : decay n1 > h vv, h > b b~

Combinations of the NV production channel and N decay channels which in-
clude exactly one lepton are the considered signal processes in the analysis. The
signal processes are categorized into seven processed based on the combinations

listed as below:

e CC DY ® Z to light quarks

2We consider charm quarks as light quarks in this analysis.
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CC DY ® Z to bottom quarks

CC DY ® H to bottom quarks

NC DY ® W to light quarks

v induced VBF ® Z to light quarks

v induced VBF ® Z to bottom quarks

v induced VBF ® H to bottom quarks

Fig. 5.2 shows the cross sections of the different N production channels as
a function of my, ranging from 500 to 3000 GeV. Red, blue, and green lines
are the summed up cross sections yielding ¢vqq or ¢vbb final states from CC
DY, NC DY, and ~ induced VBF processes. Several points can be raised, first
of all, v induced VBF process becomes the dominant process for my above
900 GeV. Secondly, CC DY and NC DY show similar trends in cross sections
as the production mechanism of N is similar (pp — W* and pp — Z*). Although
the production cross section of offshell W is much larger than offshell Z, the
branching ratio of Z — vN being bigger than W — ¢N allows the NC DY
channel to provide comparable sensitivity. As shown in all three processes
give contributions throughout the my range that cannot be ignored. Thus, all

three processes are worth considering for the analysis.

Background MC Event Samples

Analysis purely relies on MC simulated events for background predictions in
all control and signal regions. Thus the physics processes that yield one lepton
from hard scattering with considerable cross sections can be considered as back-

grounds. Background MC event samples are categorized into four : Single V,
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Figure 5.2: On the left is the NLO cross sections for CC DY, NC DY, and ~
induced VBF processes with single lepton final state. Lower panel shows the
fraction of each processes to the total sum. On the right is the total or partial
decay widths of heavy neutrino. Lower panel shows the branching ratio to W,
Z, and H bosons.

VV + X, Top Pair+ X, Single Top. The configurations for the samples are writ-

ten in detail below :
e Single V

— DY : MiNNLO method [96] is used to calculate DY process at NNLO
precision in POWHEG [97]. It is interfaced with PyTHIA 8 for shower-
ing and hadronization. In addition, PHOTOS [98] is added to simulate
the QED part of the showering process instead of PyTHIA 8. The
sample is split into three depending on its final state : ee, pu, and

TT.

— W : SHERPA [99] is responsible for the whole theoretical calculations
that are hard scattering, showering, and hadronization. Up to two

partons are added at NLO and additional three or four partons are
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added at LO. The sample is biased with the module that populates
the tail distribution in hadronic pr sum. Thus events are not fully
unweighted, which means that each event carries different unequal

weights.
e VV+X

— WW, WZ, Z7 : Diboson samples are all generated using PyTHIA 8
at LO that is responsible for the whole theoretical calculations. The

decay modes of the bosons are inclusive.

— WWW, WWZ, WZZ, Z7Z7Z : MADGRAPH_AMCQ@NLO is used to
calculate the hard scattering for triboson production at NLO. The
inclusive decay of bosons are handled with PyTHIA 8 which is also

used for the rest of theoretical calculations.

— WH : WH samples are separated into two by the charge of the
W bosons. W and H bosons in hard scattering are produced us-
ing PowHEG with MiNLO method [100] at NLO. The W and H
bosons are forced to decay leptonically with POWHEG and into bot-
tom quark pair using PYTHIA 8, respectively. The rest of theoretical

calculations are treated by PyTHIA 8.
e Top Pair+ X

— Top pair : POWHEG with MiNLO method is used for the hard scat-
tering calculations at NLO. This is later interfaced to PyTHIA 8
for showering and hadronization step calculations. The samples are
split into three to account for different decay modes : Fully leptonic,

semi-leptonic, and fully hadronic.
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— Top pair + W : Hard scattering is calculated at NLO using MAD-
GRAPH_AMCQ@NLO with the decays handled with MADSPIN mod-
ule. One additional parton is added in matrix element level which
thus goes through FXFX jet merging [101] setup in PYTHIA 8 which
also takes care of the rest of calculations. The decays of W boson
that does not originate from top quarks decide the splitting of the

sample : Leptonically and hadronically decaying W boson.

— Top pair 4+ Z : The samples are generated in the same way as top
pair + W process except that there is no additional partons added
in matrix element and thus does not need FXFX jet merging. The
samples are split into two depending on the Z boson : Pair of leptons
and neutrinos are simultaneously generated in one sample and pair

of quarks are separated.
o Single Top

— Single top (s-channel) : The sample targets the process which W
boson mediates the top and bottom quark production in s-channel.
It is generated using MADGRAPH_AMC@NLO at NLO where the
decays of top quark is forced to decay into leptonic channel using
MADSPIN. Showering and hadronization steps are processed using

PyTHIA 8.

— Single top (t-channel) : The t-channel single top sample is a mixture
of POWHEG and MADGRAPH_AMC@NLO. The hard scattering up
to top quark production is handled by POWHEG but the rest of the
top decays are interfaced to MADGRAPH_AMCQNLO in order to
use the MADSPIN module for resonance decays. Rest of the calcula-

tions are treated by PyTHIA 8.
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— Single top + W : Top quark associated with W boson process is gen-
erated using POWHEG for hard scattering and the rest calculations
are done by PyTHIA 8. The samples are split in two layers, first the
top and antitop samples are separately generated. As top quark also
yields a W boson with a bottom quark, with two bosons, samples
are split into two, fully hadronic and not fully hadronic decays. In

the analysis we only use the not fully hadronic decaying sample.
5.2.3 Trigger Selection

SingleMuon dataset is used to search for N which mixes with p with events
which are triggered by isolated leptons that have pr greater than 24 GeV,
27 GeV, and 24 GeV for 2016, 2017, and 2018, respectively. For N search that
mixes with e, SingleElectron dataset is used for 2016 and 2017 while EGamma
dataset is used for 2018. Multiple triggers are combined for e channel analysis.
First of all, lowest pr requiring triggers fire the events with isolated leptons
having pp greater than 27 GeV, 35 GeV, and 32 GeV for 2016, 2017, and
2018 respectively. Photon triggers which are triggered by events that contains a
photon with pr above 175 (200) GeV for 2016 (2017 and 2018) are also usedlﬂ
Lastly, for all three years, triggers with looser identification criteria for electron
with pr threshold at 115 GeV are added to further enhance the acceptance of
the event. The triggers used for the analysis are shown in Table.

5.3 Object Definition
5.3.1 Leptons : Electron and Muon

Due to the limitations of the detector and high energy beam conditions, analyses

with one lepton and jet(s) as a kinematic signature is prone to backgrounds that

3Electrons have a huge chance to be reconstructed as a photon as the main difference of
the two comes from either fit quality or existence of the tracks.
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Year

1 channel

echannel

2016preVFP  HLT_IsoMu24

HLT_Ele27_WPTight_Gsf
or

HLT _Photonl175

or

HLT _Ele115_CaloldVT_GsfTrkIdT

2016postVFP HLT _IsoMu24

HLT _Ele27_ WPTight_Gsf
or

HLT _Photon175

or

HLT _Elel115_CaloldVT_GsfIrkIdT

HLT _Ele35-WPTight_Gsf

or

2017 HLT _IsoMu27 HLT_Photon200
or
HLT_Elel115_CaloldVT_GsfTrkIdT
HLT _Ele32_WPTight_Gsf
or

2018 HLT IsoMu24 HLT_Photon200

or

HLT_Elel115_CaloldVT_GsfTrkIdT

Table 5.1: Name of triggers used for the analysis.
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consist of nonprompt leptons that emerge from signals that are misidentified
as leptons. These includes leptons which originate from the hadron decays or
jets that are misidentified as leptons are classified as nonprompt leptons. On
the other hand, the word prompt leptons refers to leptons that decays from
electroweak gauge bosons or leptonically decaying taus.

Relative isolation (Ige) is an important discriminating variable for lepton
identification, distinguinshing the prompt and nonprompt leptons, for better

analysis performance in both electron and muon channels. It is defined as

1
Ipel = FT[Z PEEY + max (0, ph + > pt — piY)). (5.2)

The calculation is performed by summing over the transverse momenta of
charged hadrons (after removing the components that are not associated to the
primary vertex), neutral hadrons, and photons, denoted as ) p%HGP v, Zp%H,
and > pt within a AR = 0.4 cone around the leptons, respectively. ng is
an additional correction factor that estimates the contributions coming from
pileup effect which is differently defined for electrons and muons. pfo = pAes
is used to mitigate the pileup effect for electrons by scaling the average pileup
energy density (p) to the effective area (Aeg) to account for geometrical area
correction of the cone. For muons, ng =05 p%H¢P V is used, subtracting half
of the sum of the transverse momenta of charged hadrons that are not from the
primary vertex. QCD processes have relatively large Ig. values due to hadronic
activity near the leptons.

The energy deposits in ECAL energy and the GSF tracks are associated to
reconstruct electrons. Geometric designs of the calorimemter and the tracker
bounds the electron acceptance to |n| < 2.5 with minimum requirement to the
transverse momentum of pr > 10 GeV. The energy of electrons in MC sam-

ples are corrected for different detector response between MC simulation and
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actual data by scaling and smearing. The different reconstruction performance
of electrons is corrected with the scale factor measured using Z — ee events
with tag-and-probe method. Multivariate analysis selection criteria is trained
including the relative isolation values of electrons and is used for electron iden-
tification. Two working points, WP80 and WP90 which are defined as working
points with selection efficiency 80 % and 90 % respectively, are used in the
analysis. The former is to identify prompt electron that is likely to be from sig-
nal processes while the WP90, relatively looser criteria, is used to reject events
with additional electrons.

Muons are required to be within the acceptance |n| < 2.4 with minimum
requirement to the transverse momentum at pr > 10 GeV. The reconstruction
combines the track information from silicon tracker and muon system. Rochester
correction is applied to correct the scale and resolution of muon’s transverse
momentum scale and resolution. The changes in transverse momentum due to
the correction are propagated to E1. Muon identification is required to suffice
the standard tight working point and two isolation criteria are further applied.
Relative isolation Ige; < 0.15 is applied to capture the prompt muon and events

containing additional muons with Ire < 0.6 are discared from the analysis.
5.3.2 Jets : AK4 and AKS8 Jets

Jets are reconstructed using the anti-kp algorithm, clustering PF candidates
within the distance of AR = 0.8 (AK8) or AR = 0.4 (AK4). For the AK4
jets, contamination from pileup is mitigated by applying Charged Hadron Sub-
traction (CHS) algorithm [102]. CHS algorithm removes the tracks that are not
associated to the primary vertex when reconstructing the jets. Pileup Per Parti-
cle Identification (PUPPI) algorithm is applied to AKS jets which give different

weights to particle flow candidates prior to jet clustering which are likely to be
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from pileup interactions, making the object to be more resilient to harsh pileup
conditions.

AKS jets passing the standard tight working point with ppr > 200 GeV
and |n| < 2.4 are used in the analysis. If an AKS8 jet is close to the leptons
by a distance of AR < 0.4, the AKS8 jet is considered as an energy clustering
of leptons and thus discarded. Similarly, AK4 jets are required to satisfy the
standard tight working point but with loose lepton veto requirements in order
to pick up only jets that are likely to be originating from QCD. pp > 30 GeV
and |n| < 2.4 are the initial requirements for the AK4 jets and those are further
checked for the overlaps with other objects in the event. An AK4 jet is discarded
if it has an overlap with either a lepton or an AKS jet by a distance of AR < 0.4
and AR < 1.2, respectively.

As the analysis heavily relies on the substructure of the AKS8 jet and its
masses to identify the resonances, soft drop algorithm [103] is used to calculate
the mass of AKS jets. This algorithm removes the wide-angle soft radiations
in a jet to mitigate the contamination from initial state radiations, underlying
events, and pileup interactions. Soft drop mass of AKS jets are required to be

above 50 GeV.

AKS8 Jet Tagging : ParticleNet

ParticleNet tagger [87] is used to identify the different substructure character-

istics of an AKS jet. ParticleNet is an advanced neural network architecture fed

by various low-level and point-like PF candidates. Fach AKS8 jets are assigned

with mass-decorrelated ParticleNet scores indicating how much the AKS jet is

likely to be originating from a resonance to bottom quark pair (pnetyjy;(Xbb)),
raw raw

charm quark pair (pnetj};(Xcc)), light quark pair (pnetyjf;(Xqq)), or originat-

ing from QCD interactions rather than a resonance decay (pnetjj(QCD)), etc.
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classifying various decay modes.

pretiy (X bb)
typ (X bb) = 03
pnetyp (X bb) pnetid¥ (QCD) + pnetiay (X bb) (53)
netldw (X + pnettdW (X ce
pnetyp (Xqq) = prefip Yas) | prefiipl ) (54)

pretyiyy (QOD) + pnetiiy (X qq) + pnetyiy (X ce)

ParticleNet is the key for securing sensitivity in the merged signal regions.
Fig. shows how signal and background processes have different ParticleNet
score distributions. The distributions are shown after merged preselection re-
quirements are met for the events (details are explained in Chapter. . The
processes are all normalized to same area, dashed and solid lines represent the
signal and background processes. In particular, X — bb and X — ¢q in the fig-
ure are the collection of all the processes that yields particle-level bottom quark
pair and non-bottom quark pair, respectively. As shown in Fig. Xbb score
shows relatively better signal-background discrimination power when compared
to Xqq score. This is because many known processes for background also in-
nately include X — qg¢ thus hindering the discrimination. From this, we give

higher priority to Xbb score when defining the signal regions.
AK4 Jet Tagging : B-Tagging

To identify AK4 jets originating from a bottom quark, multiclass flavor tagging
algorithm, DeeplJet [104], is used. It makes use of low-level features as much
as possible from the multitude of jet constituents rather than utilizing the few
well identified and reconstructed higher level features. This algorithm assigns
to each jet the likelihood that it contains a bottom quark. A jet is identified as

a b-tagged jet if it passes the medium working point.
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Figure 5.3: ParticleNet score distributions for Xbb (left) and Xqg (right) after
preselection.

5.3.3 Missing Transverse Momentum

Missing transverse momentum (Z7) [105] is a proxy for the particles that leave
the detector without any trace such as neutrinos or possibly BSM particles
with vanishingly small interactions. PFMET which is typically used in most
of the analyses so far is defined as the negative of the sum of PF candidate’s
transverse momentum. Evolved from this approach, PUPPIMET was developed
to mitigate the impacts from pileup interactions [106]. The pileup interactions
mostly are isotropical and thus the projection of Er in any direction is 0 GeV
for both PFMET and PUPPIMET. However when comparing the resolutions of
Hr for PFMET and PUPPIMET, PFMET carries bigger degrade in resolution
compared to PUPPIMET in the presence of pileup. Thus, we use PUPPIMET
for K1 as a proxy of the SM neutrinos that are present in the signal processes.

Jet energy correction is propagated to Er which is called type-I correction of

.
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5.4 Analysis Strategy
5.4.1 Background Estimation

Source of background processes are the ones that are not reducible such as W
or top pair processes can innately give out one lepton with missing transverse
momentum from the neutrino. It becomes more important for the analysis to
properly control top pair process as it can also mimic the boosted signature with
AKS jet with the W boson gaining a huge Lorentz boost while decaying from the
top quark (W process can yield AK8 jets only through initial-state radiation
which is not that much likely too happen). Thus, we study the background

modellings of W and top pair processes in depth for the analysis.
5.4.2 Signal Process Event Kinematics

Isolated single lepton triggers with minimum pr threshold across all years are
used for both electron and muon channel analyses. As we focus on the searches
for NV masses above 500 GeV, the signal lepton in the event is typically boosted.
The pr distribution of leptons in the signal processes as can be seen in Fig.
varies depending on the mass, however generally are well over the trigger’s
thresholds which is ~ 30 GeV and ~ 40 GeV for muon and electron, respec-
tively.

We refer to the bosons that decay from N as X% in generator level and
X% in reconstruction level. The mass gap between N and the bosons decayed
from N, which is X&" can create a Lorentz boost to X&" which eventually
decays into either pair of light or bottom quarks. This provides the chance for an
event to have one large-radius jet that incorporates the two quarks with small
AR. This is more likely to occur for the larger my scenarios as the increment
in mass gaps between N and X&°" leads to larger Lorentz boost of X&". The

study of this effect using the signal samples with N — Hy — bbv decay chain
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Figure 5.4: pr (left) and n (right) distributions of leptons in signal processes.

is shown in Fig. As my increases, the bottom quark pair becomes more
collimated (AR(bb) — 0). In light of this, we consider both an AKS jet and AK4
jets to exploit the full sensitivity with merged and resolved event topologies,

respectively, and accordingly reconstruct X ™ using either types of jets.
5.4.3 Preselection

This analysis searches for heavy neutrinos, in the scenarios where its mass
is above 500 GeV. As shown in Feynman diagrams in Fig. 5.1} signal events
contain a well isolated lepton and two quarks in particle level. In addition,
as neutrinos escape from the detector without leaving a trace, large missing
transverse momentum is expected. Event selections for preselection can be first
categorized in lepton flavors, electron and muon channels. Isolated single elec-
tron (muon) HLT is required to be fired with the presence of one tight electron
(muon) that has pr above 50 GeV in the event. Events with additional leptons

that satisfy loose isolation criteria with pr above 10 GeV is vetoed.
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Figure 5.5: AR(bb) and pp (X&) distributions in signal processes.

e Electron preselection

— Single electron HLT is triggered.

— Exactly one tight electron with ppr > 50 GeV and |n| < 2.1 is in the

event.

— No additional loose leptons (pr > 10 GeV) are present in the event.
e Muon preselection

— Single muon HLT is triggered.

— Exactly one tight muon with ppr > 50 GeV and |n| < 2.1 is in the

event.

— No additional loose leptons (pt > 10 GeV) are present in the event.

The event regions are further categorized into two, merged and resolved
regions based on the topology of jets in the event. Two quarks from the boson

can formulate one merged AKS jet (J) or two resolved AK4 jets (j) depending
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on the mass of NV that could induce Lorentz boost of the boson denoted as X&°".
If J exists in the event, it first falls into the merged region category and X"°
is taken from the four-momentum of J. If there is no J in the event, at least
two j is required and the two leading j are used to reconstruct X'° which
then belongs to the resolved region.

Minimum 100 GeV cut is applied on Et as signal events intrinsically carry
largely boosted SM neutrinos. QCD background process is mostly suppressed
at this stage with this cut. We define the variable m$f = mp (¢, Br, X*°),
the transverse mass of all signal objects, as a proxy of the offshell W boson (or
Z boson for neutral current DY production process). Since our interest is the
scenario where my is above 500 GeV, m%ﬁ > 450 GeV is given based on the
fact that offshell W (Z) mass is likely to be above 500 GeV that is the minimal
mpy we consider in the analysis.

The topology preselections are categorized into two as below. p denotes the

Lorentz four-momentum of the particle.
e Merged preselection

— Bp> 100 GeV.

— An AKS jet is present in the event.

— The leading AKS8 jet is used to reconstruct the boson from N decay,
p(X™°) = p(J).

¢ Resolved preselection

— Br> 100 GeV.

— There is no AKS jet in the event but at least two AK4 jets are present

in the event.
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— Two leading AK4 jets are used to reconstruct the boson from N

decay, p(X*™°°) = p(j1) + p(J2)-

Results are separately analyzed for electron and muon channels with events
passing electron preselection and muon preselection, respectively. Events that

are considered in the analysis satisfies one of the four conditions below :

e Electron merged preselection : Events that fulfill both electron pre-

selection and merged preselection requirements.

e Electron resolved preselection : Events that fulfill both electron

preselection and resolved preselection requirements.

e Muon merged preselection : Events that fulfill both muon preselec-

tion and merged preselection requirements.

e Muon resolved preselection : Events that fulfill both muon prese-

lection and resolved preselection requirements.

From the event selections after the preselection requirements, we further
categorize the event selections into control and signal regions by utilizing the
signal process’s event kinematics such as number of b-tagged jets, m(X"),
mr(¢, K1), and A¢(¢, Er). The distributions of the variables described above
as well as the lepton pr and Er distributions for full Run 2 are shown in

Figs. overlayed with my = 700 GeV scenario from all signal processes.
5.4.4 Signal Region

Depending on the jet topology preselection, X' is reconstructed differently
either using an AKS jet or two AK4 jets. X' serves as the proxy of the
boson (could be either W, Z, or H bosons) that is the daughter particle of N.

Thus, m(X") is required to lie within the mass window between 65 GeV and
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Figure 5.6: Transverse momentum of the lepton distributions for full Run 2 after
preselection. The distributions are separately shown for electron merged (top
left), resolved (top right), and muon merged (bottom left), resolved (bottom
right) topologies.
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Figure 5.7: Pseudorapidity of the lepton distributions for full Run 2 after pres-
election. The distributions are separately shown for electron merged (top left),
resolved (top right), and muon merged (bottom left), resolved (bottom right)
topologies.
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Figure 5.8: Number of jet distributions for full Run 2 after preselection. The
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Figure 5.9: Number of b-tagged jet distributions for full Run 2 after preselection.
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Figure 5.10: Missing transverse energy distributions for full Run 2 after prese-
lection. The distributions are separately shown for electron merged (top left),
resolved (top right), and muon merged (bottom left), resolved (bottom right)

topologies.
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Figure 5.11: Reconstructed mass of boson from N decay distributions for full
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145 GeV, inclusively considering all possible bosons from N. To denote the
different jet modes of X™“* which will be explained below, the term X;%° will
be used. a and 3 are either b or g depending on the status of J or two j. For
merged region where AKS jet is used as a proxy for X, m(Xieco) is taken from
the soft drop mass.

The major portion of the background events are from W and top pair pro-
cesses. To suppress the background events with onshell W boson which includes
those two processes, the transverse mass of a lepton and B, mp (¢, Kr), has to
be greater than 250 GeV. In addition, the difference in ¢ between a lepton and
Hr, |A¢(¢, Er)| at least needs to be 0.47. These are expected to be effective
discriminators for signal processes the background W boson and top pair pro-
cesses. As both background processes include onshell a leptonically decaying
W boson, applying mp(¢, Ht) > 250 GeV removes most of the events whereas
mq (¢, Br) in signal processes are not bound to the onshell W boson mass scale.

In order to meet the jet requirements for the background W boson process, it
needs to have a large initial state radiations which in turn form jets. Accordingly,
W boson is Lorentz boosted in the other direction, decaying into a lepton and a
neutrino (#7) with collimation. Similar logic also holds for the top pair process
as well. Consider a semi-leptonic decaying top pair event with a lepton and
that has small |A¢(¢, Ht)|. This small |[A¢(¢, Ht)| is due to enoughly large
Lorentz boost of leptonically decaying W boson that is from a top quark which
also can imply that the top quark is boosted. As top pair event yields back-
to-back top quarks, this implies that the top quark on the other side is likely
to be Lorentz boosted which becomes easier to make W boson reconstructed
as an AKS8 jet. However, the signal processes mostly have large |A¢(¢, )l
as the lepton and the IV which oscillates back to SM neutrino propagates into

opposite directions.
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For the signal region of the merged topology, events with the presence of
additional b-tagged jet is discarded as two bottom quarks (for X — bb signal
processes) are assumed to be incorporated, forming one AKS jet. For further
optimization of the merged signal region, ParticleNet tagger scores of the AK8
jet is used to further extract the signal events. The ParticleNet’s mass decor-
related version of Xbb tagger (pnetyp(Xbb)) implies the AKS jet is likely to
be originating from resonance decaying into two b quarks. If the AKS8 jet’s
pnetyp (X bb) is above 0.94, it falls into MergedXbb signal region. If an event
fails the MergedXbb signal region, pnetyp(Xqq) which is used to identify an
AKS jet that comes from resonance decaying into two light quarks is checked.
If pnetyp(Xqq) > 0.82, the event belongs to MergedXqq signal region.

The signal region where events show resolved topology resembles that of the
merged topology. The number of b-tagged AK4 jets among the two leading AK4
jets are checked to classify the resolved signal region : ResolvedXbb, Resolved Xbq,
and ResolvedXqq which are the cases for 2, 1, and 0 b-tagged AK4 jets among
the two leading AK4 jets in the event, resepectively.

The signal regions for both merged and resolved toplogies can be summa-

rized as below :
e Merged signal region

— Passes merged preselection.

— TTLT(E, ET) > 250 GeV.

|Ap(L, Bp)| > 0.4 X 7.

No b-tagged AK4 jet is contained in the event.
— MergedXbb : pnetyp(Xbb) > 0.94.

— MergedXqq : Fails MergedXbb but pnetyp(Xbb) > 0.82.
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¢ Resolved signal region

— Passes resolved preselection.
- mT(E, ET) > 250 GeV.
— |A¢p(¢, Ep)| > 0.4 x .

— ResolvedXbb : Both of the two leading AK4 jets are b-tagged.

ResolvedXbq : One of the two leading AK4 jets are b-tagged.

— ResolvedXqq : None of the two leading AK4 jets are b-tagged.

The distributions of m"‘Tff are plotted in [450,600, 750, 900,900"] GeV bins
for merged and [450, 600, 750, 750%] GeV bins for resolved cases. This shape of
meTff is later used when performing the maximum likelihood fit with systematic

uncertainties treated as nuisance parameters.
5.4.5 Control Region

Control regions are desinged for two major purposes. Firstly, to validate the
contributions of major background processes in the signal regions. Thus W and
top pair processes dominant control regions are separately defined. Secondly, to
validate the modeling of the variables that are related to Kt in MC simulated
events as it is a physics object which is intrinsically created through neutrinos
but also a collective effect other mismeasurements and bias from the detector.
Thus we invert the mp(¢, Bt) and |A¢(¢, Br)| requirements from the signal

regions.

e« Merged control region for backgrounds

— W process dominant

+* Passes merged preselection.
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% M(Xreco) < 65 GeV or m(Xpeco) > 145 GeV.

x Event contains no b-tagged AK4 jet.
— Top pair process dominant

+ Passes merged preselection.
% 65 < m(Xpeco) < 145 GeV.

x Event contains at least one b-tagged AK4 jet.
¢ Resolved control region for backgrounds

— W process dominant
* Passes resolved preselection.
% M(Xreco) < 65 GeV or m(Xpeco) > 145 GeV.
+x Event contains no b-tagged AK4 jet.
— Top pair process dominant
* Passes resolved preselection.
% M(Xreco) < 65 GeV or m(Xyeco) > 145 GeV.

* Event contains at least one b-tagged AK4 jet.

As can be seen above, control regions for background estimations are defined in
a way to have at least one criteria that makes it mutually orthogonal to other
control regions and also to signal regions.

Control regions dedicated to check the modeling of Kt has mp(¢, Bp) and

A¢(L, Br) requirements inverted from the signal regions.
o Control region for frmodeling

— mr(l, By) < 250 GeV or |Aé(L, By)| < 0.4 x .

— MergedXbb : Passes every other requirements in signal region’s

MergedXbb selection.
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— MergedXbb : Passes every other requirements in signal region’s

MergedXqq selection.

— ResolvedXDbb : Passes every other requirements in signal region’s

ResolvedXDbb selection.

— ResolvedXbq : Passes every other requirements in signal region’s

ResolvedXbq selection.

— ResolvedXqq : Passes every other requirements in signal region’s

Resolved X qq selection.

The distributions of m‘f‘pﬁ are plotted in [450,600, 750, 900,900"] GeV bins
for merged and [450, 600, 750, 750"] GeV bins for resolved cases. This shape of
m%ff is later used when performing the maximum likelihood fit with systematic

uncertainties treated as nuisance parameters.
5.5 Systematic Uncertainties

Two types of uncertainties determine the quality of the high energy physics
result. Statistical uncertainty usually refers to the the stochastic fluctuations
that comes from the finite resources that an experiment can provide which
are background and signal MC simulated events, and observed data. From the
experimentalist perspective, it’s usually more important to control systematic
uncertainty (and it is also somewhat related to how well experimentalist per-
formed the analysis). Systematic uncertainty is an artifact of the apparatus
that experiment uses (that by nature cannot be impeccable) or some of the as-
sumptions that is made by the analyzers. The systematic uncertainties that are
considered in the analysis for both signal and background will be discussed in
the following sections in detail. Table. shows how the systematic uncertain-

ties are handled for signal and background MC simulated events. Systematic
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uncertainty prescriptions basically follow the recommendations from CMS.

Sources Correlation Shape Signal Background
Integrated Luminosity Correlated No Yes Yes
Jet E Scale Correlated Yes Yes Yes
Jet E Resolution Uncorrelated Yes Yes Yes
Jet Mass Scale Correlated Yes Yes Yes
Unclustered E Correlated Yes Yes Yes
Muon E Scale Correlated Yes Yes Yes
Muon Identification Correlated Yes Yes Yes
Muon Isolation Correlated Yes Yes Yes
Muon Reconstruction Correlated Yes Yes Yes
Muon Trigger Uncorrleated Yes Yes Yes
Electron E Scale Correlated Yes Yes Yes
Electron E Resolution Correlated Yes Yes Yes
Electron ID Correlated Yes Yes Yes
Electron Reconstruction Correlated Yes Yes Yes
Electron Trigger Uncorrelated Yes Yes Yes
Pileup Weight Correlated Yes Yes Yes
Prefire Weight Correlated Yes Yes Yes
B-Tagging Corr. Heavy Correlated Yes Yes Yes
B-Tagging Corr. Light Correlated Yes Yes Yes
B-Tagging Uncorr. Heavy Uncorrelated Yes Yes Yes
B-Tagging Uncorr. Light ~ Uncorrelated Yes Yes Yes
ParticleNet Uncorrelated Yes Yes Yes
PDF Replicas Correlated No Yes No
1r, r Scales Correlated No Yes No

Table 5.2: Sources of systematic uncertainties and its year-by-year correlation
treatments.

5.5.1 Systematic Uncertainties from Objects

Differences can be expected between data and MC simulated events for physics
objects in the analysis and this needs to be taken into account as systematic

uncertainties.
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Leptons

Discrepancies in the reconstruction, identification, and trigger efficiencies be-
tween data and MC simulation are corrected by applying the scale factors to MC
simulated events. This is measured using the tag-and-probe method, calculat-
ing the efficiencies in Z boson events by requiring two leptons. The scale factors
depend on pr and 7, and £1 ¢ variations are applied to take the difference in
the yield as the systematic uncertainty.

Systematic uncertainty on lepton momentum scale is computed by varying
the momentum of the leptons according to their assigned uncertainties. Muons
are applied with Rochester muon momentum correction [107], removing bias
from detector misalignments or magnetic fields. Rochester muon momentum
correction is derived on two sequential steps : (1) Derive the pp correction
factors split into charge, 1, ¢ bins by matching the mean value to the ideal
Z — ptp~ MC sample that has no alignment effects. (2) The correction factors
in 7, ¢ bins are scaled so that the mean value of the dimuon invariant mass
is matched to the ideal MC sample. Electrons also utilize the Z boson for its
energy corrections. The bins are split into 17 and Rg bins, where Ry is the total
energy deposit in the 3 x 3 crystal array in ECAL for a given supercluster, to
derive the correction factors for the scale and resolution of electron energy by
matching MC to data. The variation in momentum of leptons is later propagated

accordingly to Hr for recalculation.
Jets

Jets, as a composite object from multitude of particle flow objects, innately
carries the complexity of detector responses. In order to correctly describe the
detector response of the jet in MC simulated events, corrections to the jet

energy are applied in two ways : (1) Jet energy scale, shifting the overall mo-
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mentum estimations in both data and MC. (2) Jet energy resolution, scaling
the momentum resolution (width) in MC to match the distributions in data.

Jet energy corrections are applied in several consecutive steps. At the first
stage, pileup contributions are subtracted by estimating the pileup offset by
comparing the samples with and without pileup overlay. For the next step,
assuming MC response from particle level jets to reconstructed jets is same in
data, jet response correction is applied to both MC and data. These two steps
attribute to the jet energy scale corrections. Finally, after applying the jet
energy scale correction measured from the first two steps, jet energy resolution
is corrected using the dijet and +v/Z+jet events. In this step, an overall shift
in momentum is produced but it only widens the distribution as jet energy
resolution in data is shown to be worse than that in MC.

In a same manner, jet mass scale for AK8 jets in MC also need to be
corrected to properly describe the softdrop mass in data. This is an important
factor of systematic uncertainties as the softdrop mass is the key variable when
associating AKS jets with hadronically decaying bosons. The correction scale
factors for softdrop mass are measured using W boson tagged AKS jets in top
pair selected events.

Systematic uncertainties on jet energy scale and resolution corrections are
separately treated by scaling or smearing the jet momentum with +1 ¢ varia-
tions and analyzing how the shape of observables change. The varied amount

of jet energy is propagated to Er for recalculation.
B-Tagged Jets

The jets that originate from b quarks are identified using the DeepJet algorithm.
To mitigate the difference in performance of the algorithm between in data and

MC simulated events, additional weights are applied. Systematic uncertainty
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of this weight is given in a relatively detailed manner, by first separating the
yearly correlated and uncorrelated sources. It is further broken down into the
cases where heavy flavor jets (b or ¢ quarks) are identified as b-tagged jets and
light flavor jets (gluon, u, d, ¢, or s quarks) are mistakenly identified as b-tagged

jets, resulting in eight categories of systematic uncertainties in total.

5.5.2 Systematic Uncertainties from Detector Effects

Integrated Luminosity

The expected numbers of MC simulated events are subject to the integrated
luminosity during the data taking period. Thus systematic uncertainties on the
integrated luminosities are given 1.2 %, 2.3 %, and 2.5 % for 2016, 2017, and

2018, respectively.
Pileup Modeling

To correct the different description of pileups between data and MC simulated
events, MC simulated events are weighted in number of pileups in the event.
The cross section of minimum bias events is given 69.2 mb at 13 TeV and +4.6%
variations on the cross section is given to calculate the systematic uncertainties

for the weight factor due to pileups.

Missing Transverse Momentum Modeling

PF candidates that are not associated to any of the physics objects of the event
are left out as the unclustered energy. It is usually expected to be isotropic
given that such particle flow elements can emerge in any random direction. We
vary the estimated energy of such PF candidates up and down and estimate its

effect to Frin MC simulated events.
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Prefiring Effect

Due to the radiations and the loss of transparency in ECAL crystals, a gradual
timing shift was created which makes two consecutive bunch crossings to fire
which is automatically vetoed by L1 triggers. This effect becomes significant for
all types of physics objects in || > 2.0 region. To take this effect that occurred
in data into account, MC simulated events are weighted and correspondingly

systematic uncertainty is given to the weight factors.

5.5.3 Systematic Uncertainties from Theoretical Effects

Signal Modeling

Systematic uncertainties on signal modeling is evaluated by estimating the dif-
ference in acceptance of signal MC events in signal regions. We follow the pro-
cedures that is recommended by the PDF4LHC [108], varying factorization and
renormalization scales as well as the PDF replicas accompanied to the nominal
NNPDF 3.1 LUXQED NNLO PDF used for signal sample generation. As sys-
tematic uncertainty on scales and PDF are found to be small, conservatively

0.5 % and 0.1 % are given, respectively.

Top pr Modeling

The distribution of top quark pr in top pair events was found to be significantly
softer in the actual data when compared to that of MC simulated event pre-
diction calculated at NLO accuracy for matrix elements convoluted to parton
showers. Although studies with higher fixed order corrections showed better
descriptions, the discrepancy has not been fully resolved. To account for the
discrepancy, top quark pr is reweighted for the top pair process MC simulated
events based on the measurements of the top pr from CMS. Systematic uncer-

tainty is assigned by taking difference of the distribution when reweighting is
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not applied to the MC events.

5.6 Results
5.6.1 Effective Transverse Mass Distributions

mSt = mp (€, B, X™°) distributions are shown for merged and resolved selec-

tions in their control and signal regions. This distribution is used to perform the
maximume-likelihood fit when extracting the final sensitivity. In case of merged
selection, mS is binned in four bins, whereas resolved selection’s mSf is binned
in three bins. The difference of binning is due to the fact that resolved signal

regions have lesser number of events from MC expectations.

o Merged mSf bins : [450, 600, 750,900, 900%] GeV

o Resolved m&ff bins : [450, 600, 750, 7507] GeV

For the merged selections, two signal regions for Xbb and Xqq tagged cat-
egories, two control regions for validations of W and top pair processes, and
two control regions for validations of -t modelings for different jet tagged cate-
gories are studied. In a similar manner, for the resolved selections, three signal
regions for Xbb, Xbq, and Xqq jet tagged categories, two control regions for
validations of W and top pair processes, and three control regions K1 model-
ings for different jet tagged categories are studied. The distributions of m%ﬁ are
shown in Figs. [5.145.27 overlayed with my = 700 GeV scenario from all signal

processes.
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Figure 5.14: meTff distributions for full Run 2 after top pair process dominant con-
trol region selections in electron (left) and muon (right) channels with merged

event topology.
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Figure 5.15: m%ﬁ distributions for full Run 2 after top pair process dominant
control region selections in electron (left) and muon (right) channels with re-
solved event topology.
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Figure 5.16: mgT distributions for full Run 2 after W process dominant control
region selections in electron (left) and muon (right) channels with merged event

topology.
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Figure 5.17: m§ distributions for full Run 2 after W process dominant control
region selections in electron (left) and muon (right) channels with resolved event

topology.
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Figure 5.18: mSff distributions for full Run 2 after Xbb (¢, £1) modeling control
region selections in electron (left) and muon (right) channels with merged event

topology.
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topology.
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Figure 5.20: mSf distributions for full Run 2 after Xbb (¢, 1) modeling control
region selections in electron (left) and muon (right) channels with resolved event

topology.
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Figure 5.22: m$f distributions for full Run 2 after Xqq (¢, 1) modeling control
region selections in electron (left) and muon (right) channels with resolved event

topology.
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Figure 5.23: m%ﬂ distributions for full Run 2 after signal region merged Xbb
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Figure 5.24: m%ff distributions for full Run 2 after signal region merged Xqq

selections in electron (left) and muon (right) channels.
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Figure 5.25: meTff distributions for full Run 2 after signal region resolved Xbb
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Figure 5.26: m%ff distributions for full Run 2 after signal region resolved Xbq

selections in electron (left) and muon (right) channels.
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Figure 5.27: m%ﬁ distributions for full Run 2 after signal region resolved Xqq

selections in electron (left) and muon (right) channels.
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5.6.2 Statistical Method

The result of an analysis needs to be performed with a statistical method to
be interpreted with the postulated BSM physics. This basically compares how
much the observed data are consistent between two hypotheses where one cor-
respond to the background-only (null) hypothesis and the other corresponds to
the signal-plus-background (alternate) hypothesis. Roughly speaking, statistical
method infers how much the observed data is compatible with the background-
only hypothesis and incompatible with the signal-plus-background hypothesis.

The likelihood function (£) is defined with the signal strength (x) which
is the parameter of interest that differentiates the two hypotheses, and in this
analysis represents the |Vyn|? value. In particular, the background-only hy-
pothesis is obtained by assuming p = 0, effectively yielding 0 signal events. The
likelihood function can be written as

(psi(0) + bi(6))™

exp (—usi(0)=b:i(0)) [ pi(6;16)).

j€Enuisances

L(datalu, 0) = []

i€bins

(5.5)
In the above equation, n;, s;, and b; each represents the observed data, signal,
and background event yields in the ¢ — th bin. These values depend on the nui-
sance parameters (6) which correspond to uncorrelated sources of uncertainty
that the analysis needs to consider. Lastly, Gaussian distribution is chosen to
represent the degree of belief that a value (;) is compatible with our chosen
value 9~j = 0, which is denoted with p;.

From the likelihood above, we can construct the test statistic (q,) as

‘C(data‘:u' ’ é#)

~ (5.6)
L(datalf ,0;)

Gu=—2In

where éu is the set of nuisance parameters maximizing the likelihood for a given

signal strength p. The i and éu are called maximum likelihood estimates that
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are values of parameters that globally maximizes the likelihood.
CLs method [109, [110] is adopted to derive the exclusion limits and com-
putationally it can be written as

P(q, > ngs lalternate)
PG > G5l

CLs(p) = (5.7)

Numerator and denominator each represents the probability to find the test
statistic g, to be larger than the observed value (jﬁbs under alterante and null
hypotheses, respectively. At a given signal strength p, C'Ls(p) infers that the

signal hypothesis is excluded at a confidence level of & when CLs(u) <1 — a.
5.6.3 Interpretation

Binned maximum likelihood fit is performed with all control regions and signal
regions defined in Chapter. to extract the signal strength using Asymp-
totic method calculations. In addition, we introduce additional rate parameters
which renormalizes W and top pair processes based on the observed and ex-
pected yields to remedy the residual data and MC simulated event discrepan-
cies (see Fig. [5.28)). The limits are set on the square of N mixing element as
a function of mass of N, on a my — |Vyn|? plane, as shown in Fig. and
Fig. for electron and muon, respectively. Blue and red dashed lines each
represent sensitivities acquired from resolved and merged event topologies and
black dashed line shows the sensitivity by combining the two. For |Vyn|? = 1.0
scenario, we exclude my up to 940 GeV and 906 GeV for muon and electron
channels, respectively.

The sensitivity reaches with same |Vx|? = 1.0 scenario are relatively poor
compared to the previously reported results from direct N production analyses
which is 1430 (1240) GeV in muon (electron) case as shown in Fig. One of

the main reason is due to the fact that the dominant background processes for
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Figure 5.28: Rate parameters for W and top pair processes derived from its
dedicated control regions in different years.

this analysis are W and top pair processes which are irreducible and inevitably
degrades the performance of the analysis. On the other hand, other results
from Ref. [82] and Ref. [89] which are depicted in brown and purple solid lines,

respectively, take advantage of the lepton number violating signatureﬂ
5.6.4 Summary

Search for heavy neutrinos in type-I seesaw model using single lepton final state
is performed using full Run-II data at /s = 13 TeV collected with the CMS
detector. The sensitivity is checked on a 2D plane parameterized with the mass
of heavy neutrino and the mixing of heavy neutrino with SM neutrino (with
electron or muon flavors).

The analysis is designed in a way to deal with two different cases which are

merged and resolved event topologies. For the larger mass scenarios of heavy

4Ref. [89] includes both lepton number violating and conserving final states in the analysis.
For example, both utpute™ and ™~ e™ final states are both used to extract the mixing limits
in muon channel. In other words, these analyses take benefit from lower background level which
is mostly composed of reducible nonprompt background contributions.

117 -0



0.6

0.4

0.2

CMS Preliminary

- Observed
=== Obs. Merged

138 fb™ (13 TeV)

== Obs. Resolved :

v EXpected

I 68% expected ]|
95% expected |

| | |
600

1000

my, [GeV]

Figure 5.29: Exclusion limits on my — |V, N|2 parameter space.



CMS Preliminary 138 fb™* (13 TeV)

_§_ ]
> ]
0.8 —
0.6 -
0.4 — Observed —
= Obs. Merged |
= Obs. Resolved |
0.2 «en Expected —
I 68% expected ]|
95% expected :

0 ! | ! ! | ! ! ! | ! !

600 800 1000

my, [GeV]

Figure 5.30: Exclusion limits on my — |V,,n|? parameter space.

% A &)



CMS Preliminary
T —T—T

I—

1CMS Preliminary 138 fb™ (13 TeV) 138 fb™ (13 TeV)
e T T

2
V!
\YN

uN

= Observed = Observed

= SS dilepton = SS dilepton

= Trilepton = Trilepton

----- Expected = Expected

[ 68% expected [ 68% expected
95% expected 95% expected

AR SRS O AN N N A T S T T S T AN ENN ST N S
1000 1200 1400 600 800 1000 1200 1400
my, [GeV] m,, [GeV]

I
600 800

Figure 5.31: Exclusion limits on my — |Ven|? (left) and my — [V, |? (right)
parameter space. SS dilepton and trilepton refers to the observed limit results
from Ref. [82] and Ref. , respectively.

neutrinos, bosons that decay from heavy neutrinos are likely to be Lorentz
boosted. This then creates a collimation of the light or bottom quark pairs
which are daughter particles of bosons which can be reconstructed by a single
large-radius (AKS) jet. For the smaller mass scenarios of heavy neutrino, boson
is less likely to be Lorentz boosted and instead create resolved light or bottom
quark pair. Such cases can be reconstructed by using two small-radius (AK4)
jets. Thus, either the large-radius jet or a pair of small-radius jets can be used
as the proxy for bosons decaying from heavy neutrinos. In addition, a single
lepton and large transverse missing energy are required to pick up signal-like
events.

Binned maximum likelihood fit to data is performed simultaneously in all
signal and control region event categories using the transverse mass of all signal
objects which are lepton, missing transverse energy, and the proxies for boson

(a large-radius jet or small-radius jets). The sensitivity of type-I seesaw model
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are analyzed from heavy neutrino mass ranges 500 GeV to 1500 GeV. In the
scenario where mixing of heavy neutrino with SM neutrino is 1.0, the observed
95 % CLg limit reaches up to 940 GeV and 906 GeV for muon and electron
flavors, respectively.

This is the very first search to use the Higgs decay mode of heavy neutrinos
and also the first search at the LHC to explore the sensitivity of heavy neutrinos
in single lepton final state. Probing Higgs decay mode is an important task
for all fermions as its interaction strength with Higgs directly relates to how
massive a fermion is. From this fact accompanied by the discovery of heavy
neutrinos in type-I seesaw model, it becomes possible to give constraints to the
SM neutrino mass ranges. In addition, despite the weakness of this analysis
that cannot benefit from lepton number conserving signal processes unlike the
other previous searches, it is shown that it still gives comparable limits which

can be a complementary search.

121 ;4 _CI:I : ]_-_]



Chapter 6

Neutrino Mass Model
Reinterpretations with Published
LHC Results

6.1 Reinterpretation

Although mathematically self-consistent and beautifully formed, it is already
known that the SM cannot fully describe the universe. One example is the
aforementioned experimental observation of neutrino oscillations in Chapter. [4]
which violates zero mass hypothesis of neutrinos. However, although a vast
pool of the BSM scenarios have been studied and tested against the LHC data,
nothing in particular has been found which we can consider as a key to the
BSM. The biggest problem particle physicists are now encountering is that this
is the first time when there is no clear guidance or direction to take since the
revolutions of the field starting from the early 20th century. The LEP, being
the most powerful lepton accelerator ever built served its purpose by precisely

measuring a lot of quantities of the SM, in particular the masses of W and
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Z bosons. Later with the Tevatron, top quark was found and completed the
third generation of quarks in the SM. Most recently, the LHC was built with
an anticipation to find the Higgs boson and it was indeed found by the CMS
and ATLAS collaborations.

Although current status can be thought
of as a failure of the BSM tests we are per-
forming with the LHC, this definitely is not
the only way to look at it. There is a simple
psychological test called Is the glass half full
or half empty? which is used to infer whether Figure 6.1: Three glasses.

a person is optimistic or pessimistic. Imagine

there are three cups as shown in Fig. [6.1] There won’t be too much argument
if someone says the glass on the left is empty and the glass on the right is filled.
However, depending on one’s philosophical view the glass in the middle could
be described in both terms half-filled glass and half-emptied glass. In the same
spirit, what the LHC has achieved so far can be perceived as a huge success
of the SM even in the extreme phase space and for the exotic event signatures
rather than failed attempts to find the BSM physics.

Here, we can realize how reinterpretation [111] can be beneficial to the de-
velopment of BSM physics programs that are carried out within and beyond the
scope of the LHC. It is needless to say there can’t be a single favorable BSM sce-
nario as long as it incorporates the SM and explain the anomalous experimental
results that cannot be described with the SM. Therefore, every BSM theories
have their own merits and reasons to be tested. But the problem is that many
of the BSM scenarios have numerous parameters while we experimantalists can
only focus on some subsets for practical reasons such as limited people power

and time to investigate every possibilities. This is where reinterpretation can
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be a powerful approach, devising a concrete method to preserve the scientific
results and utilizing it wisely to exploit its full potential. In addition, it is nat-
ural to consider a paradigm shift from theory-driven approach to data-driven
approach especially given that the promised dataset from the HL-LHC runs
would be even remarkably larger compared to what we have accumulated so
far.

Inverting the chain of workflow of experimentalists who sought the BSM
physics can be considered as the methodology of reinterpretation. The workflow

of experimentalists can be illustrated as shown in Fig. [6.2]

1. Take a benchmark BSM scenario to test against the SM and experimental

data.

2. Extract the BSM signals by utilizing its characteristics to obtain the best

sensitivity (by removing the SM backgrounds as much as possible).
3. Write a scientific research paper with details of the procedure.

To describe in more detail, experimentalists usually select some BSM Lagrangian
of their interest from theorists. With available MC event generators, by import-
ing the provided Lagrangians, both SM and BSM MC events are generated. The
stacked SM and BSM MC events are then compared to the actual data obtained
with the detectors at LHC to calculate the sensitivities. This finally turns into
a scientific result by writing, which we often use the term analysis.

If we invert the chain as in Fig. the workflow in the opposite direction

can be described as
1. Take an analysis to use as the benchmark studies for reinterpretation.

2. Recast the results in the analysis with available preserved data.
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Figure 6.2: Typical workflow of BSM search analysis at the LHC. The BSM
events are stacked to the SM events and statistical analysis is performed, check-
ing deviations/agreements to the data acquired from the detectors.

3. Extract the sensitivity of a new BSM scenario that has not been tested

yet using the recasted results.

For example, consider a case where one founds a new interesting BSM scenario
that is accessible by the LHC experiment. For most of cases, it won’t be diffi-
cult to find another existing analysis that shares similar event topologies with
common final object although not exact. Then instead of going through time
consuming and person power requiring usual workflow, one can try to recast the
analysis through available frameworks such as CHECKMATE , MADANAL-
YSIS , SMODELS , etc. If the recasting is successful, with generated
MC events for the new BSM scenario of interest, one can stack this to the SM
event yields provided and preserved by the recasted analysis to compute the
sensitivity against the provided LHC event yields.

One important remark that should be noted here is that the workflow of
reinterpretation can only be functional when the results of analysis paper is
well preserved in an understandable format. This is usually done through the
HepDATA database. HEPDATA is a web-based open-access repository cre-

ated to collect multitude of experimental particle physics results in an unified

125 e ety



. . e )
Reinterpretation ( ., ssu New BSM
Lagrangian

in )
Events ] = 7
\. J . 4
el )
SM

— ; —
Yields i
New — Preservation —obseved ]
. . = Obs. Merged
Analysis | (HepData, Rivet) Z Ove. Resoned ]
Real |l . [ 00 Expected —
Yields « — e ]
L
1000
my [GeV]

Figure 6.3: Inverting the workflow starting from already completed analysis
from experiments. The new BSM events are stacked to the SM yields and sta-
tistical analysis is performed, checking deviations/agreements to the data yields
that are well preserved.

format. Physics analyses from the CMS and ATLAS collaborations nowadays
are required to at least provide the HEPDATA materials such as tabulatization
of the histograms. Some cases supply even more information with additional
materials such as an inputs for MC event generator to generate the signal MC
events or the built likelihoods that were used in the analysis to extract the final
sensitivity.

Another way of preserving is through the RIVET implementation.
RIVET is a framework developed mainly to validate the MC event generators
with analyses that are unfolded. Through the unfolding procedure, biases and
inefficiencies introduced due to detector effects are corrected. This is advanta-
geous in a sense that we can estimate what truly happened at the fundamental
interaction point which does not depend on which detector was used to capture
the event. The database of RIVET is built up with analyses from various experi-
ments (but all corrected with detector effects of experiments) encoded in a C
format which can be executed with MC event generator outputs after parton

shower and hadronization have been processed. Thus, the inputs do not have
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to go through the detector simulation such as DELPHES or GEANT 4 toolkits.
6.1.1 Tools for Reinterpretation

There are various software tools for reinterpretation on the market. Here, we
will only discuss three tools among them and internal efforts from CMS and
ATLAS, briefly introducing and comparing them in order to illustrate the dif-
ferent methodology and philosophy that drives the motivation for each of the
tools. The details for most of the tools are explained in Ref. [111] and while we
will discuss the tools SMODELS and MADANALYSIS, CMS and ATLAS studies
for the phenomenological Minimal Supersymmetric Standard Model (pMSSM)
and ATLAS developements for RECAST which is a framework to preserve the
ATLAS analyses. CONTUR will be described separately later on in this chapter
as it will be the framework utilized for the studies in the thesis.

The most specialized feature of SMODELS [114] is that it does not employ
MC event generations unlike most of the other tools. SMODELS database is
built on the LHC results that have been analyzed with Simplified Model Spectra
(SMS) framework. The SMS framework is a powerful description to understand
the experimental limits with small number of parameters, providing a chance
to easily interpret the BSM searches with multiple parameters such as SUSY.
The overall workflow of SMODELS is shown in Fig. SMODELS starts from
decomposing the event topologies of a newly proposed BSM with Zs symmetry,
P — P'4+SM where P and P’ are particles that arise from the postulation of the
BSM. Every event topologies corresponding to particular Feynman diagrams
have their weights computed by its production cross sections and branching
ratios that are given by the new BSM of interest. Finally, SMODELS combines
event topologies with common final state particles and compare upper limits of

the cross sections stored in the database. This method has advantage over other
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methods in terms of computing time and resources as it does not require the
actual MC event generation but only computation for cross sections. An easily
foreseen disadvantage of this method is that a hard assumption is required
that event topologies in the database and the signal processes that match the
SMODELS database are pretty much similar. This is up to the users to check if

it is true and thus the results should be taken in a conservative manner.
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Figure 6.4: Schematic view of SMODELS workflow. The figure is taken from
Ref. [114]

MADANALYSIS [113] is in some sense more full scale framework which is very
similar to the workflow that experimentalists are more familiar with. DELPHES
or its own smearing function is used to emulate detector effects for MC event
samples that went through parton showering and hadronization are injected to
MADANALYSIS. All analyses that are recasted through MADANALYSIS frame-
work are available in Public Analysis Database (PAD) which serves as its
database for reinterpretation studies. PAD mostly relies on the BSM analy-
sis results from the LHC which do not correct for the detector effects through

unfolding method. The recasting consists of two parts : (1) Implementing the
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analyzer code in a CT1 format based on the reading of analysis that one wants
to recast. (2) Validating it with materials such as cutflow tables |I| mostly pro-
vided in HEPDATA, ensuring each steps of object or event selections in the
original analysis and the recasted work shows reasonable agreement. If recast-
ing is successful, the recasted work is registered to PAD and ultimately can be
used for reinterpretation studies.

There are also several other attempts carried on internally within CMS and
ATLAS collaborations which are the legacy analyses collecting all the efforts
for SUSY searches, namely the pMSSM studies [117, [118]. As SUSY model
is composed of more than 120 parameters by theory, experimental searches
usually bound themselves to MSSM where it is reduced to substantially smaller
number of 19 parameters. Thus, it becomes very much inspiring to explore the
other remaining 80 % SUSY parameters although it would likely take huge
amount of time and effort to make it happen. pMSSM study is built on this
interest and motivation, scanning full potential of SUSY analyses. It begins
with identifying the parameters and the parameter spaces that have not been
covered by the existing analyses. Once the list of analyses and parameters are
identified, pMSSM analyzers generate the signal MC samples accordingly and
contact the corresponding analysis analyzers for cooperation, that is running the
same analysis code with the newly delivered signal MC samples. After multiple
iterations with SUSY analyzers, pMSSM assembles the delivered results which
are the yield tables in signal regions and perform a full sensitivity study. As
it needs long time and large computing resources to make the full simulated
MC events as the other typical CMS or ATLAS analyses do, pMSSM study is

usually accompanied by the development of fast simulation techniques [119].

LA cutflow table is a table of event yields, providing information of how much fraction of
events is kept after each event selection requirements in the analysis.
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Recently, ATLAS has further developed a framework for reinterpretation
called RECAST which can mitigate one of the major disadvantages that is in-
nate in the pMSSM studies. pMSSM first of all needs the support from the
whole collaboration, most importantly from the SUSY analyzers of the SUSY
analysis that are considered to be included in the pMSSM study. However in
many occassions, this is the ideal case and things are not as easy as expected.
For example, analyzers might have left physics, might have lost their comput-
ing environment or resources that they used for the analysis, and so on and so
forth. These all are potential threats to the pMSSM, leading to a stall for un-
predictable amount of time and poor performance of the results. In light of this,
RECAST framework was built to facilitate the preservation and reinterpretation
through a more stable channel, having a centrally maintained infrastructure by
the ATLAS collaboration so that studies like pMSSM no longer has to rely on
individual analyzers whom might be missing in the future for various reasons.
Interesting example work done with RECAST is in Ref. [120] where ATLAS
reinterpreted the mono-Higgs analysis targeting a model which predicts DM
production in association with a dark Higgs boson decaying into pair of bottom

quarks, sharing the same final state objects.
6.1.2 Constraints on New Theories Using RIVET (CONTUR)

Recall the analogy of half-filled or half-emptied glass of water, despite yet failed
attempt to find the direct evidence of the BSM at the LHC, understanding
of the SM has prospered thanks to the results from the LHC. In light of this,
CONTUR [121] aims to test the BSM physics using the well measured SM results
that are preserved in the RIVET package [116]. Underlying premise here is that
if the BSM in consideration were to be true, it would have additional Lagrangian

terms that would likely distort the SM measurements showing some deviations
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from the measurements already although the effect could be small. That being
said, the goal of CONTUR is to answer the question How much a proposed BSM
physics is compatible with published LHC results.

CONTUR is special in a way that it neither utilizes the signal topology
decomposed cross sections (SMODELS) nor the recasted workflow of the analysis
(MADANALYSIS) which are based on the BSM efforts from CMS and ATLAS.
Instead, as aforementioned, CONTUR exploits the full potential of the SM efforts
by making use of the well preserved data in RIVET. As RIVET preservation is
done after unfolding procedure from the experiment collaborations, particle
level studies without introducing any detector effects become available.

More details on the computational setup for CONTUR in between each step
are in Ref. |[121] while here only the main stream workflow of it is explained in

four different steps as below :

1. Defining model parameters and processes : Define which parameters in
the proposed BSM physics to be scanned as well as the physics processes

that involves the BSM particle of interest.

2. Calculating observables : Generating MC simulated events for the pro-
posed BSM physics with parameter grids defined previously. The output
in HepMC format is fed into RIVET to analyze contributions from the

proposed BSM physics in the measurements from LHC.

3. Evaluating the likelihood : Measurements from LHC are grouped into or-
thogonal pools and from each pools, single bin that provides the largest
CLy is picked up. The bins from pools are later combined assuming un-

correlated.

4. Visualization of parameter space : External tools built on MATPLOTLIB
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aids the visual understanding of results in 2D. It also visualizes the dis-

tribution of observables that provide the sensitivity.

CONTUR uses a 2 test statistic from the ratio of the likelihoods that a given
measurement was obtained under competing assumptions, signal4+background
against background only. There are two different modes that differently defines

the competing assumptions which is the background as explained below :

e SM as background mode : Sets the MC predictions under SM assumption

as background.

e Data as background mode : Sets the observed data as background.

SM as background mode is the default mode that CONTUR adopts. This mode
has a drawback that it can only be performed when the analysis in RIVET
that we scan on also provides the MC predictions which is not always the
case. However, it makes a reasonable assumption that data we observe is not
necessarily bound to the SM.

There also exists several limitations in CONTUR. One important note to
make is that it cannot be used as a tool for discovery of the BSM physics.
Most of the analyses that RIVET contains lean toward the measurements that
are shown to have a certain level of agreement with the SM. Thus it cannot
identify the BSM physics favored parameter or phase spaces which can be more
sensitive to the BSM physics. More fundamental reasons for limitations stem
from the incomplete information that experiments provide such as the correla-
tion between different bins for the systematic uncertainties which degrades the
sensitivity that CONTUR provides.

Obviously if the analysis is not preserved in RIVET or even if is preserved
but not in a usable way are the limiting cases for CONTUR. Some cases of

limiting RIVET analyses are
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e Analysis on ratio measurements : One of the powerful method of particle-
level measurements involving neutrinos is by measuring the ratio of £/
with jets (as a proxy for DY— ¢¢) to Er with jets. Such approach brings
greater precision by the cancellation of several systematic uncertainties.
But as #¢ production in the denominator is hard-coded, the changes in

production of £¢ due to proposed BSM physics is not treated properly.

e Data driven estimation of backgrounds : H — ~~ channel was the key
to success of discovering H boson at the LHC as it provides a clean final
state with a sharp invariant mass peak at a great precision. The fit to the
mass of diphoton continuum was used for background estimation for the
H boson discovery. Although this was a powerful methodology, proposed
BSM physics introducing a nonresonant diphoton production would have

a wrong estimate of the sensitivity.

o Analysis with neutrino implications in particle level : For measurements
of the WZ diboson production which can be enhanced in performance by
calculating the event kinematics with neutrino. However, this implication
makes it difficult to evaluate the impact of Fp which can be crucial for

some of the BSM physics such as the dark matter.

6.2 Reinterpretation with Published LHC Results
6.2.1 Type-I Seesaw Model

Analysis on type-1 seesaw model using CONTUR proceeds as follows. The La-
grangian of the model is provided in the FeynRules database [122] which is
imported into MADGRAPH_AMC@NLO for the matrix element calculations.
The processes that can yield NV through charged or neutral current DY channel

are considered at 7, 8, and 13 TeV center-of-mass energy. The decay of N to
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H boson is not considered due to miscalculation of the H boson decay width.
The generated hard process events are then passed to PyTHIA 8 for further
leading-logarithmic calculations, showering and hadronization, which in turn
gives out the files in HEPMC format. RIVET is fed with the HEPMC files so
that their contributions to the LHC measurements can be evaluated. Finally,
CL is calculated at which parameter point of the BSM physics is disfavored
and can possibly be excluded by the LHC measurements. This last procedure
is done by CONTUR.

Here, three physics cases related to type-I seesaw model are introduced :
2D scan performed on my — |Vyn|? parameter planes for each lepton flavors
(¢ = e, pu, 7). Newly developed MADGRAPH_AMC@QNLO v3.4.0 which provides
an user-friendly interface with RIVET and CONTUR is used for the scan. Matrix
element calculations use the type-I seesaw model Lagrangian imported from
UFO model which are convoluted with NNPDF 3.0 LO PDF [123]. The events in
LHE format is passed to PYTHIA 8 for showering and hadronization simulations.
By default, the tune is set to Monash 2013 tune while multiparton interactions
are disabled for faster simulation. The outputs from PYTHIA 8 then runs on
RIVET analyses to check the type-I seesaw model’s contribution to LHC Run
I and Run II measurements. Ultimately, CONTUR is used to compute the final
sensitivity of the model.

Both CC DY and NC DY channels which yields heavy neutrino in asso-
ciation with a lepton or a neutrino are inclusively considered. Heavy neutrino
further decays into three fermions which is via W or Z bosons. Due to LO calcu-
lations of the H width away from the known measured values which potentially
might cause wrong interpretation of results, H boson decay channel of heavy
neutrinos is discarded. The steering syntaxes in MADGRAPH_AMCQ@NLO for

my — |V,n|? parameter scan as an example is below :
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import model SM_HeavyN_Gen3Mass_NLO
define mm = mu+ mu- vm vm~

define ee = e+ e- ve ve~

define tt = tat+ ta- vt vt~

define vv = ve vm vt ve” vm~ vt~
define 11 = e- mu- ta- e+ mu+ ta+

define qq =ud c s u” d” c” s
define ff = 11 vv qq
generate p p > mm nl, nl > mm ff ff

The mass of heavy neutrino are scanned in [10 — 1000] GeV ranges for muon
and electron cases while for tau case, it scans smaller mass range [5— 500] GeV
both with eleven logarithmic steps. Square values of mixings are scanned in
range [0.01 — 1.0] with eleven logarithmic steps.

The CONTUR scan results on type-1 seesaw model are shown in Fig. It
can be easily noticed that the excluding parameter space is significantly smaller
for tau only mixing scenario. Two points can be inferred from the results : (1)
Most of the SM physics programs at the LHC usually consider both muon and
electron measurements when carrying out a measurement analysis in the EW
sector. (2) The dominant analysis pools in tau results are mostly similar to
those of electron or muon results which shows the sensitivity is driven from
measurements using light leptons not hadronically decaying taus.

In the future, LHC would provide more and more results especially during
the HL-LHC era. As there is no huge jump in the beam energy compared to
Run II, LHC would likely benefit on better precision from growing statistics.
However, as evident in the CONTUR scans on Run I and Run II results, there
is a huge imbalance in the leptonic sector which does not yet fully exploit the
hadronically decaying tau objects. As a lot of BSM ideas, especially involving
additional Higgs sectors, have great expected sensitivity in tau channels, ex-

ploring the measurements with such objects that could eventually be preserved
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through RIVET would be one of the big goals that can fill in the that LHC is

yet currently missing.

6.2.2 Type-II Seesaw Model

W Boson Mass Measurements

With the growing precision level of the EW observables in SM, measurement of
W boson mass has become much more important over the last few decades [124].
W boson mass was preliminarily measured by UA1 and UA2 at SppS at CERN
after its very first discovery [125, |126]. Later, both CDF and D0 measured
myw using the Tevatron Run 1 data which were later combined to be 80456 £+
59 MeV [127]. In parallel, LEP II had its energy increased above the Z boson
mass allowing the production of W boson pairs. The turn-on spectrum of cross
sections as a function of the collision energy at LEP II near the mwyw thresh-
old and the direct measurements from fully and semi-leptonic decays of WW
process were able to yield the value of 80376 & 33 MeV [128]. CDF performed
further precise measurement which combined the results from CDF and DO that
resulted in 80387 £ 16 MeV [129].

Later at the LHC, ATLAS performed the first mw measurement using the
data recorded in 2011 at /s = 7 TeV corresponding to an integrated luminosity
of 4.6 fb~! [130]. By a thorough calibration procedure based on the Z boson
studies, detector response to electrons, muons, and the recoil was precisely
modelled. By combining the mw measured from pr of lepton and transverse
mass distributions, in electron and muon decay modes, the combination yielded
8037019 MeV along with a measurement of my+ —myy- being —29428 MeV.
LHCb reported their first measurement of my, 80354 + 31 MeV, at /s =
13 TeV [131] from a simultaneous fit of the ¢/pr distributions from W boson

event candidates and ¢* distributions from Z boson event candidates both in
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muon channels.
Presently accepted my values from LEP II and Tevatron combination and
the world average by taking the measurement from ATLAS E| at /s =7 TeV

are as below :

myet 1TV — 80385 + 15 MeV, (6.1)
ma 4 = 80379 4 12 MeV. (6.2)

Both of the values showed some tensions, being not totally consistent with
the SM prediction, mw = 80357 £ 6 MeV . This tension was enhanced
further by the report from the CDF’s latest measurement result in 2022 which
was 80387 £ 12(stat) + 15(syst) MeV which deviates from m{} by 7o [133].
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Figure 6.6: The measurements of W boson mass from various experiments. The
dark and light blue represents total and statistical uncertainties, respectively.
The SM prediction is in green.

Several suggestions have been made to account for this deviation from m%l\y[

under the SM context, such as with improvements in PDF [134] or perturbative

2LHCb’s measurement is not included and CMS has not yet reported the measurement
studies
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matrix element calculations [135]|136]. However, these studies so far show that
this discrepancy cannot be fully covered. Alternative SM explanations from the
width of W boson (I'wy) rather than the mass itself is yet unexplored. Since
the measurement from CDF was from the one parameter fit of the W boson’s
transverse mass EL a shift in I'yy might be the actual tension invoking reason
which can be revealed from a two parameter fit in (mw, 'w) parameter space.
Despite all attempts to explain this from the perspectives of SM physics, it is
needless to say that many were craving for the BSM physics that can resolved

the matter.

W Boson Mass Corrections from Type-II Seesaw Model

The p parameter defined as

2
My

p (6.3)

mZcos?
is a great measure of the SM precision tests. At tree level, piee = 1 is expected
whereas the deviation from this provided a indirect hints of yet undiscovered
physics known to date. With the corrections from top quark and H boson,

correction to p was acquired as

Ap ~ — Owln — | . 6.4
p 3/ (mt my sin® Oy In - (6.4)

Such precision test was able to provide rough estimates on the masses of top
quark and H boson from LEP experiment results |137] although it did not
have enough energy to produce the particles directly. From the global fit, the
measured value up to date is known to be p = 1.00038 £ 0.00020 [138] from

multiple experiments ﬁ In light of this, if the BSM physics proposals predict

3Fit from the pr and Fr was also reported in the same paper which still is consistent with
the result from transverse mass parameter fit.
4The most recent CDF measurement is not included.
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values of p parameter that is too far from unity can already be considered
excluded.

The deviation of p can be formulated in terms of oblique parameters, .S, T',
and U, introduced by M.E.Peskin and T.Takeuchi in 1990 |139]. When a triplet
scalar field A is added to the SM, piree is modified by a small correction

2
207

-t 6.5
v2 + 27)2A (6.5)

Ptree = 1+ oM Tiree = 1

This manifests a larger tension making the situations even worse when taking
CDF result into account by giving an opposite sign to the correction term 7.
However, under the assumption demanding va < v, tree level contribution can
be ignored and acquire dominant one-loop level contribution that ultimately
leads to a shift in the mass of W boson. In terms of the oblique parameters, it

is expressed as

SM AEM 2 OEM
mw =~ My ( (1= 252 )(S ( sw)T) + 352 U) (6.6)

With U parameter given 0 EL pull from the CDF result finds the best fit value
(S,T) = (0.17,0.27) with 7'~ 0.18 4+ 0.65.S relation.

This can be further investigated with the type-II seesaw model which ex-
plains the neutrino mass generating mechanism through the additional Higgs
portal. Additional Higgs bosons (triplet scalars) are A?, A* and A** bosons
are introduced by the type-II seesaw model. In the limit of small 5 and masses

of additional Higgs bosons at O(TeV) scale, S, T, and U parameters are given

as
(2 — 483, + 5syy)m3 v?
S~ — , 6.7
307TM20 + BGﬂ'MiO (6.7)
2 52
v'p (6.8)

o 19271'20[EMM20 ’

5U parameter contribution is negligible compared to S and T parameters in type-II seesaw
model context that will be described below.
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U~ (2 — 483, + 5syy)m3 — Qm%v‘
307 M2,

(6.9)

It can be noticed that U parameter is suppressed compared to S and T pa-
rameters. In addition, as T" ~ 0.18 + 0.65.5 relation should be satisfied, positive
S and T parameters need § > 0. With the well-known sum rule that type-11

seesaw model obeys [75],
2 2 _ g2 2 _ B
MRo = Ms = M3s — Mes = 007, (6.10)

a nonzero value of § > 0 and the spectrum of va < v provides phenomenologi-
cally rich environment with different decay modes. Those are leptonic, cascade,
and gauge boson decay modes of the additional Higgs bosons which also leads
to very different event kinematics even with the same final state objects in LHC
experiments. An easy example of this would be pp — ATTA™" — 272/~ in
leptonic decay mode sector and pp — ATTA™" — 2WT2W~ — 2/T2/~+ 't in

gauge boson decay mode sector.

Scans Using Contur

At the LHC, several analyses have been performed to search for additional
Higgs bosons directly but usually focusing on mass degenerate scenarios. With
small va, leptonic decays are enhanced for charged scalars, A** — ¢+¢* and
A* — (*v [140]. Searches for charged scalars in leptonic decay modes are
considered golden channels as it exemplifies the problem with possibility of
being interpreted in numerous scenarios. ATLAS excludes Ma++ < 1080 GeV
at 95 % CL with Run 2 data [141]. For larger va scenarios, bosonic decays are
more involved, A** — WHW®) and AT — WHZ®) | Using fully leptonic and
semi-leptonic final states, Ma++ in the range 200 — 350 GeV are excluded by
ATLAS at 95 % C'L with Run 2 data [142, 143]. In addition, a recasting of Run
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1 results show that Ma++ < 84 GeV is excluded [144-146] leaving 84 —200 GeV
not yet excluded by any of the experiments directly.

Briefly turning back to the investigations on S and T" parameters and values
of 8 > 0, it can be concluded that CDF’s result favors the mass hierarchy
Mp++ < Ma+ < Mpao. This can be further translated into best fit values [147,
143

(Mp++, Ma+ — Mpx+) ~ (95.5,72.5) GeV. (6.11)

Intriguingly, the masses of charged scalars preferred values by incorporating
type-1I seesaw model and the CDF measurement lies within the range where
it has not been excluded by the results from experiments up to date for large
va scenarios. Thus, by using the recently developed tool package that inter-
faces MADGRAPH_AMC@NLO and CONTUR, an investigation on this favored
parameter space is performed.

Benchmark points for the type-II seesaw model parameters scanned with

CONTUR are set as below :

o Ma++ € [60,400] GeV : Mass ranges are set to cover the allowed doubly
charged scalar mass region 84 — 200 GeV and the best fit point 95.5 GeV.

o App = Mpar—Ma++ € [35,155] GeV : The best fit point at 72.5 GeV and
B > 0 dependence on S and T parameters (Eq. is covered. This

in turn implies Ma+ > Ma++ mass hierarchy in type-1I seesaw model.

o pp — ATEATFF and pp — ATEAF - AFEAFFWH) channels : Processes

accompanied by A**

is only considered. From the assumption above,
Ma+ > Ma++, cascade decay of singly charged scalar ultimately yields

four doubly charged scalars.

o ATE o WEHWE® decays (upa = 1 GeV) : Larger va reduces the
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Yukawa couplings to leptons and inversely enhances the bosonic decays of
charged scalars. Smaller va values lead to smaller widths and hence longer
life time of the charged scalars. Long-lived signatures results in ambiguity
of interpreting from the prompt signatures in RIVET, va =1 GeV is set

to ensure the promptness.

e Other free parameters : The CP and Majorana phases are set to 0 and
the mass of lightest SM neutrino is set to 0.01 €V. In addition, normal

hierarchy of the SM neutrino masses assumed.

The steering commands in MADGRAPH_AMC@NLO is below :

define lepton = e+ e- mut+ mu- tat+ ta- ve vm vt

define quark = ud c s u” d” c¢c” s

define fermion = lepton quark

generate p p > d++ d--

add process p p > d++ d-, d- > d-- fermion fermion
add process p p > d+ d--, d+ > d++ fermion fermion

As can be noticed from the commands above, A+

is not decayed using
MADEVENT promptly. MADSPIN is interfaced to decay A**, which is a module
that generate resonance decay events separately and later appended to the
events produced from MADEVENT with proper Lorentz boosts under narrow-
width approximation. This approach is in particular helpful for reducing the

computing time. Below is the commands to launch MADSPIN for AT* decays :

set spinmode none

decay d++ > w+ > fermion fermion fermion fermion

decay d-- > w— > fermion fermion fermion fermion
Here, the spinmode none setting in MADSPIN does not consider the spin cor-
relations when computing the decay kinematics although as the particle that
goes through the decay with this module is spinless particless makes it still safe

to be used. Also, to account for symmetry factor computations that cannot
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be validly computed while utilizing MADSPIN, the decay widths of AT* the
widths are computed externally using the command : generate d++ > w+ >
fermion fermion fermion fermion.

The CONTUR scan results are shown in Fig. overlayed on the Ma++—Apys
parameter space. As discussed above, doubly charged scalars in mass ranges
84 — 200 GeV are not yet excluded from direct searches by ATLAS or CMS
and the best fit value which is indicated with a black asterisk (*) lie at the
point (95.5,72.5) GeV. Also shown in the figure is the 95% expected exclusion
(dotted), 95% observed exclusion (solid), and 68% observed exclusion (dashed)
limits with the C'Ls method. The left side of the lines are the parameter space
which is excluded from CONTUR.

Most of the exclusion especially in the high Ma++ region is driven by the
four-lepton cross section measurement using 139 fb~! data at /s = 13 TeV
collected with ATLAS [149]. Other contributions for relatively smaller mass
phase spaces are from the search for triboson WWW production at 8 TeV [150]
and WW + jet measurement at 13 TeV [151] which corresponds to 20 fb~! and
139 fb~! of data, respectively, analyzed by ATLAS.

Several interesting phenomenological effects can be addressed from both ob-
served and expected exclusions. First looking at the region where both ma++
and Aj; are small, the contributions from A**AFF pair production process
and AT*AT associated production process are expected to give roughly com-
parable contributions. This follows from the the study in [75] that tells AFFAT
associated production process have about O(2x) larger cross section than that
of AT*ATF pair production process. This means that the two production chan-
nels of interest can give effectively same cross sections in this region. From the
fluctuations of observed limits for Ay < 100 GeV it can be inferred that two

processes interplay on sensitivity.
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Figure 6.7: Exclusion limits on Ma++ — Ajs parameter space.
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When the mass splitting is increased, there occurs a competition in the
associated production process : (1) The overall momentum transfer scale of the
event increases and this limits the available phase space, ultimately yielding
smaller cross sections. (2) The branching ratio of AT — A*# f f’ becomes larger
due to more onshell W boson involvement which is AT — A**WT. The first
factor eventually makes associated production process a negligible contribution
to the signals. As shown in Fig. [6.7} observed limits for Ay > 100 GeV starts
to from a straight line because there only pair production channel practically
becomes useful for exclusions.

Finally, it can be found that the observed limits give more constraints on
Ma++ by 30—50 GeV than the expected limits. This can be accounted from two
factors : (1) The main sensitivity driving 4 lepton cross section measurement
analysis is statistically limited. (2) The SM prediction from SHERPA MC event
generator [99] already lies above the measured data in the most signal sensitive
bin of the measurement. The expected limits are set with the assumption that
background yields exactly match with the MC predictions but also assigned with
the uncertainty from the measurement. This measurement is mainly limited
from lack of statistics which hinders the sensitivity.

The distributions showing the SM prediction and measured data is pre-
sented in Fig. as an example. It is the distribution of the highest-mass
dilepton pair in 4 lepton events after discarding the events that does not pass
m(eel) > 2 x my. The distributions are acquired through the RIVET imple-
mentations of Ref. [149]. Green line shows the SM prediction and the black
marker shows the measured data. As observant from the figure, SM predic-
tion already overpredicts the measured data which makes the signal prediction
added values in blue line even deviate more. Signal prediction is given with

(Mpx+, Ma+) = (180,255) GeV assumption as a representative example mass
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point.
6.3 Results

It is astonishing to find that type-II seesaw model which has been popular
neutrino mass model can also be an explanation for the difference between the
W boson mass measurement from CDF and the SM expectation. Recent studies
Refs. [147}|152} |153] point out that triplet scalars with O(100) GeV masses can
accommodate the deviation and this is evidently well within the energy reach
of LHC. However due to its complex decay structure, model’s full potential
couldn’t be fully covered by experimental searches. This left some uncovered
window in masses of triplet scalars which happen to include the best fit value
of oblique parameters.

From this study, we were able to fully exploit the complex decay struc-
ture of triplet scalars, cascade decays AT — AFEWTF®) and bosonic decays
ATt 5 WHW*, This is because the newly developed MadGraph_aMCatNLO-
CONTUR interface can take the generated signal MC events up to particle level
without detector simulations for reinterpretation purposes which is much faster
approach than going through detector simulations in experiments and some
other reinterpretation tools. As a result, we found that by assuming prompt

A** excludes the best fit point and the 1o region in maz+ — Ay

decays of
parameter space can be fully excluded by LHC data at 95 % C'L by LHC. Most
of the exclusions are driven by the four lepton measurement by ATLAS which
was designed to test the precision level of all physics processes that contributes
to four lepton final state (e.g. single Z boson, 77Z*) diboson including H boson
mediation, and other complex mix of interference terms) occurring at the LHC.

As for the last remark, this work shows the powerfulness of such reinterpre-

tation methodology as it can timely address arising questions for BSM physics
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Figure 6.8: Upper panel shows the representative differential cross section of
highest mass dilepton pair distribution from four lepton measurement. Lower
panel shows the bin-by-bin significance of expected theory yields relative to
data with combined uncertainty.
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proposals. In addition, it provides the chance to probe BSM physics with multi-
tude of parameters that cannot be fully covered by experiments. However, this
at the same time demands experiments to execute more precise measurements
and ultimately preserve them to build up the database in order to be used for
reinterpretations. This also shows the direction of physics programs during the
HL-LHC era which will benefit from statistics providing much higher level of

precision.
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Chapter 7

Conclusions

7.1 Summary

In this thesis, we tested two neutrino mass models which realizes the Weinberg
operator at the tree level with fermion singlet or scalar triplet. The first model is
referred to as type-I seesaw model, introducing a BSM particle that is the right-
handed Majorana heavy neutrino N while the second model, type-II seesaw
model introduces scalar triplet A = (ATE, AT AP),

The first analysis is performed with a popular approach that is theory-
driven, optimizing the event selections to extract the signal processes as much
as possible while keeping the background processes suppressed. The signal pro-
cesses, under the type-I seesaw model context, consist of a light lepton, neutrino,
and a boson that decay into two quarks in particle-level. The key to this anal-
ysis was utilizing the boosted signatures with large-radius jets that is used to
reconstruct the boson as a whole with collimated signatures. For complemen-

tary purposes, resolved signatures where the boson is not so much boosted and
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end up yielding two small-radius jets in the event is also explored. We use the
full Run 2 dataset collected by the CMS detector at the Large Hadron Collider
that corresponds to an integrated luminosity of 137.4 fb~! From this analysis,
heavy neutrino masses above 500 GeV, up to 940 and 906 GeV from muon and
electron channel analyses, respectively. This analysis was the first attempt to
search for heavy neutrinos in single lepton final state at the LHC and the very
first in the world to search for heavy neutrinos using its H boson decay mode.

The second part of this thesis is in an opposite direction that is data-driven
which is also known as reinterpretation. Instead of optimizing the analysis for a
particular BSM theory of interest, we exploit the full potential of the LHC using
the results that have already been published that are mostly measurements of
the data corrected with detector effects. To demonstrate this, we use CONTUR
tool interfaced with MADGRAPH_AMCQNLO MC event generator that runs
over the analyses stored in RIVET and take the event yields from HEPDATA
for extracting sensitivity. One important feature of CONTUR is that it relies
on the measurement results that are stored in RIVET, reversing the data to
particle-level which can be directly compared with MC event generator outputs
without detector simulation. With CONTUR, we investigate one of the timely
interesting W boson mass anomaly reported by CDF which can be explained
through type-II seesaw model. The parameter points preferred by the CDF
report in the Ma++ — (Ma+ — Ma++) parameter space including its £1 o

bands have been fully excluded.
7.2 Outlook

For the type-I seesaw model analysis, it would be interesting to seek a possibility
of performing a charge dependent analysis. The human knowledge up-to-date

on PDFs is not so much complete for the high momentum fraction carrying
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partons. However if it is complete, such analysis that is dominated by charge
neutral processes (e.g. top pair process which gives exactly same amount of
positively and negatively charged leptons) can be highly beneficial as the signal
processes are not charge neutral (e.g. W* and W—* depend a lot on PDF as
the LHC is a proton-proton collider machine).

Reinterpretation of type-I seesaw model has been briefly discussed in Chap-
ter. [6.2.1] as well. One obstacle was found that heavy neutrinos mixing with
taus had relatively poor exclusions in the my — |Vi|? plane compared to other
lepton flavors. This is because compared to other lepton flavors, measurements
with taus are either less performed or less preserved at the LHC. Although it
lacks accuracy as being one of the most difficult object to reconstruct, taus can
bring the most fruitful physics results as being the most massive lepton which
directly connect to the Higgs physics.

As mentioned above, this thesis tests two popular and famous neutrino
mass models using two different analysis approaches. It is true that theory-
driven approach can be more optimized to particular signal processes and thus
has better performance in terms of its result. However, data-driven approach
has its own unique strength that is takes much lesser time and smaller effort
with fully exploiting the potential of the LHC making use of all the published
results. As we recently started the Run 3 at the LHC and also approaching
the era of HL-LHC pushing the LHC and its detectors around the ring to its
high-end performance, setting the physics programs would be one of the most
important tasks. In light of this thesis, we can set two major goals during HL-
LHC for hunting BSM physics : (1) Searching for BSM scenarios with more
extreme phase spaces. (2) Measuring SM processes with much better statistics
and in higher level of precision. Ultimately, the efforts for preservation of results,

either in exotic phase space or conventional reaches of the SM, will lead to more
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prosperous particle physics.
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