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RESUMEN

En esta Tesis consideramos diferentes estrategias para detectar efectos de Fisica Mas
Alla del Modelo Estandar (BSM) en el LHC. Estas estrategias pueden dividirse en dos
tipos: busquedas con modelos especificos y buisquedas agndsticas al modelo. Las pri-
meras se concentran en (una familia de) modelos de BSM cuya fenomenologia tinica
provee rastros interesantes en el LHC; mientras que las segundas apuntan a desarro-
llar andlisis semi- y no-supervisados que encuentren rastros de efectos de BSM. Estas
dos estrategias son complementarias. Aunque las btsquedas agnésticas al modelo
son utiles para encontrar la aguja en un pajar, bajo ciertas hipétesis, y evitar poten-
ciales errores sistemdticos provenientes de las simulaciones de Monte Carlo, deben
realizarse busquedas dedicadas para aumentar el poder de discriminacion y extraer
pardmetros fisicamente relevantes, como la seccion eficaz y los acoples, con la ayuda
de simulaciones de Monte Carlo.

Entre los muchos escenarios posibles de BSM que pueden ser explorados por el
LHC, consideramos tres posibilidades. Cada una de estas posibilidades estd motivada
por diferentes resultados experimentales y da lugar a diferentes estados finales, con
cierta superposicion entre los tres casos. Primero exploramos un Leptoquark inspira-
do por las anomalias en la Fisica de mesones B. Este Leptoquark es un bosén de seudo
Nambu-Goldstone de una teoria de campos fuertemente acoplada y es producido de
a pares en el LHC. Luego, consideramos como un Leptoquark multigeneracional que
puede ser producido de manera no resonante en el LHC puede evitar limites existen-
tes debido a dicho comportamiento no resonante. Finalmente, mostramos como un
FCNC Z’ interactuando con el quark top podria estar presente en estados finales mul-
tilepténicos con alta multiplicidad de jets b, explicando discrepancias persistentes en
los analisis de ttW* y 4-top. En todos los casos, reutilizamos btsquedas existentes
para establecer limites en los espacios de pardmetros de nuestro modelos y propone-
mos nuevas busquedas que excluirian regiones significativas de dichos espacios de
parametros.

Para implementar buisquedas agndsticas al modelo, nos concentramos en dos algo-
ritmos de modelado de tépicos que adaptamos a la fisica del LHC. Estudiamos cémo
el algoritmo conocido como Demixer, previamente aplicado a clasificacién de quarks
y gluones, puede detectar mezclas estadisticas de 4-top y ttW* + ttH en el estado
final dilepténico y provee un método para adecuar las simulaciones de Monte Carlo
de la distribucion de ttW* + ttH utilizando las mismas regiones de sefial analizadas.
Luego mostramos cémo se puede utilizar el algoritmo conocido como Latent Diri-
chlet Allocation para realizar bisquedas no-supervisadas en el LHC. Estudiamos en
el espacio de hiperparametros y mostramos la correlacién entre la Perplejidad y la
capacidad de clasificacién, obteniendo una métrica no-supervisada para seleccionar
hiperparametros.

Tras haber explorado distintos andlisis basados tanto en simulaciones de Monte
Carlo como en algoritmos no supervisados, encontramos que estos tltimos parecen
ser prometedores, con mucho margen de mejora en los préximos afios.
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ABSTRACT

In this Thesis we consider different strategies for detecting Beyond the Standard
Model (BSM) effects at the LHC. These strategies can be split in two sets: model
specific and model agnostic searches. The former studies target (a family of) BSM
models whose unique phenomenology provides interesting fingerprints at the LHC
while the latter aim to develop semi-supervised or unsupervised analyses that point
towards BSM effects. These two strategies are complementary. Although model agnos-
tic searches are useful to find the needle in the haystack (under certain assumptions)
and avoid potential systematic errors originating in the Monte Carlo simulations, ded-
icated searches should be performed afterwards to increase the discriminating power
and extract physically relevant parameters, such as cross-sections and couplings, with
the help of Monte Carlo simulations.

Among the many BSM scenarios that could be probed by the LHC, we consider
three possibilities. Each of these possibilities is motivated by different experimental
results and have different, overlapping, final states. We first explore a B-Anomalies-
inspired Leptoquark arising as a pseudo Nambu-Goldstone boson of a strongly cou-
pled field theory that is pair produced at the LHC. Next, we consider how a multi-
generational Leptoquark that can be produced non-resonantly at the LHC could avoid
existing constraints by virtue of said non-resonant behavior. Finally, we show how a
FCNC top-philic Z’ that could be present in multilepton with high b-jet multiplicity
final states and explain recent persistent discrepancies in ttW? and 4-top analyses. In
all cases, we recast existing searches to constrain these models’” parameter spaces and
we propose new searches that should be able to exclude a significant region of said
parameter spaces.

To implement model agnostic searches, we focus on two topic modeling algorithms
adapted to LHC physics. We study how the Demixer algorithm previously applied
to quark/gluon tagging could detect statistical mixtures of 4-top and ttW* + ttH at
the dilepton final state. We observe that this algorithm provides a method to tune
Monte Carlo simulations of background distribution in the signal regions. We also
show how Latent Dirichlet Allocation can be used to perform unsupervised searches
at the LHC. We perform hyperparameter scans and demonstrate the correlation be-
tween Perplexity and tagging performance, thus obtaining an unsupervised metric
for hyperparameter selection.

Having explored different Monte Carlo-based and unsupervised analyses to search
for BSM physics, we find that the latter seems a fertile ground with much room for
improvement over the coming years.






AGRADECIMIENTOS

Esta tesis es la culminacion de tres afios de trabajo en los que tuve la oportunidad
de interactuar con y aprender de una gran cantidad de personas. Todos los trabajos
que componen esta tesis son un reflejo de estas interacciones.

La interaccién mads fuerte, y a quien le quiero agradecer en primer lugar, es a mi
director, Ezequiel Alvarez. Tuve la suerte de poder aprender de €l (y con él) no sélo
de fisica e inteligencia artificial sino que ademds incorpore una manera de trabajar y
de entender la vocacién por la ciencia.

Quiero agradecer también a mi co-director, Alejandro Szynkman, que ha sido la voz
de la consciencia durante este tiempo. Siempre que quiero estar seguro de lo que hago,
pienso en lo que preguntaria Alejandro.

Ademas de Ezequiel y Alejandro, tuve el privilegio de poder trabajar directamente
con mucha gente a la que le quiero agradecer: Leandro Da Rold, Tamara Vazquez
Schroeder, Barry Dillon, Dario Faroughy, Aurelio Juste y Jernej Kamenik. En particular,
les estoy muy agradecido a Aurelio y Jernej por recibirme con los brazos abiertos. Otro
colaborador al que le guardo particular aprecio es a Federico Lamagna, con quien
comparti mds momentos de los que entran aca.

Nada de esto seria posible sin el apoyo del ICAS. En particular, le estoy muy agra-
decido a Daniel de Florian, quien siempre me ayudé enormemente, y a Rodrigo Diaz,
con quien tengo el privilegio de dar clases. También le quiero agradecer a todos los
becarios con quien tuve el lujo de compartir oficina: Rosa, Mariel, Nacho Fabre, Nacho
Borsa, Manu, Ivan, Yami, Rocio, Leo, Pablo y Daniel. Por tltimo, le quiero agradecer
a Joaquin, por razones que él sabe mejor que nadie.

No me gustaria terminar esta seccién sin agradecerle a todas las personas fuera del
dmbito académico que me apoyaron incondicionalmente durante este tiempo. Lamen-
tablemente, va a tener que ser asi por cuestiones de espacio. Solo quiero agradecer a
la persona que me convencid, en estos tiempos inciertos, de que se puede creer en un
final feliz. Gracias Juan Roman Riquelme por volver a tu casa.

vii






CONTENTS

1

II

INTRODUCTION 1
1.1 The Standard Model of Particle Physics 1
1.1.1  ATLAS and CMS Phenomenology 3
1.2 Beyond the Standard Model 7
1.2.1  Leptoquarks 7
1.2.2 7’ models 11
1.3 Topic Modeling techniques for Machine Learning at the LHC 14

DEDICATED MONTE CARLO-BASED SEARCHES 17
LEPTOQUARK PAIR PRODUCTION AT THE LHC 19
2.1 A model for a B-Anomalies inspired pNGB LQ 20
2.1.1  Leptoquarks as a pNGB from an SCFT 20
2.1.2 S3 LHC Phenomenology 23
2.2 Recasting LHC Searches 25

2.2.1 Searches 25
2.2.2 Results 27
2.3 Discussion 31

LEPTOQUARK SINGLE- AND NON-RESONANT PRODUCTION AT THE LHC
3.1  The CMS Result 33
3.2 A simple Leptoquark model 34
3.3 LHC constraints 40
3.3.1 Benchmark point 41
3.4 Back to the CMS Result 42
3.4.1 Simulation 42
3.4.2 CMS Analysis 43
3.5 Flavor constraints 44
3.6 Discussion 47
3.7 Conclusions 50
Z’ HIDING IN TTH AND 4-TOP 53
4.1 Recent discrepancies in ttW#, ttH and 4-top searches 53
4.2 The model 54
4.2.1  Phenomenology 56
4.3 Experimental imprints and model tuning 58
4.3.1  Fits to experimental data 58
4.3.2 Constraints from other observables 66
4.4 Global search and kinematic features 70
4.4.1  Expected sensitivity of the global analysis 71
4.4.2 Disentangling signal and background in signal-enriched regions
4.5 Summary and outlook 79

MACHINE LEARNING AT THE LHC 81
4-TOP DEMIXING 83
5.1 The Demixer algorithm 84
5.1.1  Demixer algorithm in the ideal case 84
5.1.2 Demixer algorithm beyond the ideal case 85

33

71

iX



X

CONTENTS

5.2

5-3

54
6 LDA

6.1

6.2

6.4
6.5

6.6

4-top production 90

5.2.1  Nj demixing 91
52.2 CWoLA 94
Discussion and future 95

Conclusions 100
FOR LHC 103

Probabilistic generative modelling for collider experiments 104

6.1.1 Probabilistic generative models 105

6.1.2 Latent Dirichlet Allocation 108

6.1.3 Variational inference 111

6.1.4 The LDA landscape 115

Learning latent jet substructure 117

6.2.1 Jet de-clustering and substructure observables 117
6.2.2 Probabilistic models of jet substructure 119

6.2.3 Choosing a data representation for the jet substructure
Set-up and benchmarks 121

6.3.1  Algorithm set-up 121

6.3.2 Benchmark di-jet events 121

6.3.3 Comparing classification power of different observables
6.3.4 Measurement co-occurrences 127

Unsupervised learning with LDA 130

Systematics 138

6.5.1 Offset 138

6.5.2 Chunksize 139

Conclusions 141

7 CONCLUSIONS 145

8 BIBLIOGRAPHY 147

120

126



INTRODUCTION

The goal of this Ph.D. Thesis is, broadly speaking, to study the possibility of New
Physics at the Large Hadron Collider experiment. As there is not a single more com-
pelling extension of the Standard Model we approach this problem from a phenomeno-
logical point of view, subscribing to the idea that the way to find the light switch in a
dark room is to explore it even if you risk bumping into the furniture.

To find the "light switch", we take two different approaches. Firstly, we take aim
of different specific Beyond the Standard Model scenarios, motivated by existing ex-
perimental results, and study their phenomenology at the ATLAS and CMS experi-
ments. Secondly, we implement Machine Learning algorithms to devise search strate-
gies that either reduce Monte Carlo dependency or avoid the introduction of specific
New Physic hypotheses by performing unsupervised or semi-supervised searches.

In this Introduction we detail some of the concepts needed along this Thesis. We
briefly introduce the Standard Model of Particle Physics in Section 1.1, with the need
of going Beyond the Standard Model and the specific cases we consider detailed in
Section 1.2. We give a general introduction to the Topic Modelling techniques for
Machine Learning in Section 1.3.

1.1 THE STANDARD MODEL OF PARTICLE PHYSICS

The Standard Model of particle physics (SM) is a largely tested and successful the-
ory which seeks to understand the fundamental components of the universe. The
language of the SM is that of Quantum Field Theory (QFT), which combines quantum
mechanics and special relativity. A complete introduction to QFT and to the SM goes
beyond the scope of this Thesis. We give here a brief review and we refer the interested
reader to one of the excellent available literature, e.g. Refs. [1—4]. For our purposes, it
suffices to say that using the QFT language we can write the SM Lagrangian, contain-
ing all relevant degrees of freedom and parameters, and we can use it to understand
and predict key experimental observables. The fundamental components of the SM
are embedded in quantum fields that transform under unitary irreducible represen-
tations of the Poincare symmetry group, with the SM particles defined through the
normal modes of these fields. The particle content of the SM is shown in Table 1.

The quarks and leptons, plus their corresponding antiparticles, are embedded in
fermionic spin 1/2 matter fields. There are 3 generations of quarks, both up and down.
The three flavours of up-type quarks are the up u, charm c¢ and top t. They exhibit
a clear mass hierarchy with approximate masses (in natural units) 2 MeV, 1 GeV and
170 GeV respectively [5]. The down-type quarks are down d, strange s and bottom
b. They also exhibit a mass hierarchy while being lighter that their same generation
up-type quark, having approximate masses of 4 MeV, 20 MeV, and 4 GeV. Similarly,
there are three generations of leptons. The charged leptons are the electron e, muon
p and tau T leptons with approximate masses of 411 keV, 101 MeV and 1.78 GeV. The
neutral neutrinos also have three flavours, electron ve, muon Vu and tau v, neutrinos.
Although we know at least two of them are massive, we will consider them massless
as they behave as such for the experimental data we consider. At high enough energy
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Particle SUu@B)c | Su(2). u(ny
Quarks || QL= (ui,d)’ |3 2 1/6

uh 3 1 2/3

di, 3 1 ~1/3

T

Leptons || {L = (v{,e{z) 1 2 —1/2

el 1 1 1
Gauge Y 1 1 0
Bosons

wt,z,w)T 1 3 0

g 8 1 0

-

Higgs | (0, ') 1 2 1/2
Boson

Table 1: The SM particle content grouped labelled by the SM Lie Group symmetries. For
SU(3)c and SU(2); we write the irreducible representations to which the associated
field belongs by its multiplicity and for U(1)y we write the charge of the associated
field under U(1)y. We use Ref. [4]’s convention, which yields Qem = T3 +Y. The
flavour indices in the quark and lepton sectors go from 1 to 3. We do not include right
neutrinos vy although the observed neutrino mass implies their existence.

scales that all fermions become massless, the fermionic fields become chiral and the
number of different fermionic fields nearly doubles (as there are left- and right-handed
fields for every fermionic except the three neutrinos and their kinematic Lagrangian
becomes decoupled without a non-chiral mass term).

We encode the different interactions between matter as local gauge symmetries of
the SM Lagrangian. A local gauge symmetry is achieved by ensuring that the fields
are also irreducible representation of the corresponding Lie group. The SM has three
local gauge symmetries and thus three Lie groups under which the fields transform:
SU(3)c —SU(2)r —U(1)y. We can label the fields and their corresponding particles by
the irreducible representations to which they belong, and so each particle (or multi-
plet of particles) has three charges: colour, weak isospin and hypercharge. These local
gauge symmetries give place to bosonic (spin 1) gauge fields and the corresponding
massless gauge particles. Gauge symmetry ensures the renormalizability of the SM La-
grangian and, with the introduction of the electroweak symmetry breaking, provides
an accurate description of Nature.

The electroweak symmetry breaking is necessary to give mass to the quarks and
leptons and to obtain massive weak bosons W, Z (with approximate masses 80 and 91
GeV respectively) while keeping a massless photon y. This is achieved by introducing
a complex scalar field that is an SU(2); doublet, the Higgs field. This Higgs field
has an interaction potential which, in a process known as Spontaneous Symmetry
Breaking, makes the vacuum expectation value (vev) of the scalar field not invariant
under SU(2); transformations. This breaks the SU(2); — U(1)y sector to a U(1)gm
while keeping the theory renormalizable. Due to the interactions between the Higgs
field and the different matter and gauge fields, the necessary masses arise and are
proportional to the Higgs vev v. This is known as the Higgs mechanism. The Higgs



1.1 THE STANDARD MODEL OF PARTICLE PHYSICS

field has a corresponding particle, the spin 0 Higgs boson H of approximate mass 125
GeV.

While the interactions between the Higgs and the rest of the Standard Model fields
are determined by the gauge symmetries, the specific flavour structure of the cou-
plings between the Higgs and the fermions, which we call the Yukawa matrices Y, is
arbitrary. Although these matrices are diagonal on the mass basis, whose mass eigen-
states are the ones we measure at the detector level, they need not be so in the flavour
basis, which is more useful basis for interactions. This introduces different mass and
flavour eigenstates, a distinction we must deal with. In the quark sector, it is useful to
introduce the unitary CKM matrix Vcxm such that

ugnass = (uU)jiu’}lavour
dgnass = (Ua) " dfllavour
Vekm = Ul -Ug

The CKM matrix is responsible for a wide variety of effects, including CP violation.
At the Lagrangian level, the difference between mass and flavour basis appears only
in the aty*d W;f interaction vertex, which is proportional to (Vexkm)Y. There is an
analogous unitary matrix for the lepton sector, the PMNS matrix Upnins. However,
it is usually summed out because we are agnostic to neutrino flavour at the detector
level. In the following, we always work in the mass basis and we disregard the flavour-
changing interactions when the CKM elements are small enough.

Among the plethora of observables that test the SM, we focus on collider physics.
Collider experiments are controlled environments where we can test SM predictions
by colliding particles (be them electrons or baryons such as proton, antiproton and
lead) and seeing the different processes that take place. These processes can be re-
lated to S-Matrix elements of our theory. These S-Matrix elements can most often be
calculated with an array of QFT tools and thus allow us to test the SM. Depending
on the particles being collided and the energies involved, different physical processes
can take place. We focus on two collider experiments: ATLAS and CMS.

1.1.1 ATLAS and CMS Phenomenology

Installed at the CERN’s Large Hadron Collider (LHC), the ATLAS (short for A
Toroidal LHC ApparatuS) and CMS (short for Compact Muon Solenoid) experiments
collide bunches of protons with the highest center-of-mass energies ever achieved in
a laboratory, reaching center-of-mass energies of /s = 13 TeV at the end of Run-2.
Proton-proton collisions have the virtue of probing a vast array of energies through
the distribution functions of the QCD partons. Due to this, the LHC is a "discovery
machine" designed mainly to find the Higgs Boson and push our knowledge of the
fundamental components of matter forward. To achieve this, the ATLAS and CMS ex-
periments possess general-purpose detectors designed to detect the broadest possible
range of signals.

The ATLAS and CMS collaborations are pushing forward our understanding of
Nature. They have discovered the Higgs boson [6, 7] and started measuring its prop-
erties [8, 9]. They have provided more and more accurate tests of the SM, both of the
QCD (see e.g. [10]) and Electroweak sectors (where they are able to beat in precision
previous precision colliders such as LEP-2 when measuring the W+ bosons coupling
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to leptons [11]). They have also looked for Beyond the Standard Model (BSM) effects,
as we detail in Section 1.2.

In order to achieve this, most current searches done at ATLAS and CMS rely at
some point in the analysis in being able to reproduce faithfully enough complicated
SM phenomena. As SM calculations can present a number of complications, ranging
from numerical integration to theoretical problems due to non-perturbative effects,
validated Monte Carlo techniques are necessary to obtain accurate predictions.

The pipeline we consider to obtain theoretical simulations of the expected event
yields consists of three steps:

1. Parton level generation, either at Leading Order (LO) or at Next-to-Leading
Order (NLO) using MadGraph5_aMC@NLO [12]. MadGraph5_aMC@NLO simulates hard
processes and decays the heavy particles (either directly at the generation level
or as an extra step with the help of MadSpin [13], the latter being the only option
for spin-correlated decays at NLO). BSM models are implemented with the help
of FeynRules [14]. The output is a LHE file [15] which is only physical for LO but
must be matched to a parton shower for NLO processes.

2. Showering and hadronization using Pythia 8 [16]. With the help of extensive
validation and tuning to the experimental data, Pythia 8 is able to simulate the
very soft physics that accompanies the hard process, performing the matching of
soft and hard physics. This is necessary if one wants to obtain physical kinematic
distributions at NLO. The output is a HepMC file [17].

3. Detector simulation using Delphes 3 [18]. The output of Pythia 8 consists of
the physical objects which could be measured. To simulate the detector response
to these physical objects and obtain the measured objects, we implement Delphes
3, which needs to be tuned and validated to match the experimental analyses we
want to reproduce. The output is a ROOT file [19].

Although we always consider this specific pipeline, there are alternatives. Hard pro-
cesses matrix elements could be calculated differently using event generators such as
Sherpa 2.2 [20]. Herwig 7 [21, 22] provides an alternative to Pythia 8, and the differ-
ence between the obtained event samples using both programs can be used to obtain
the uncertainty on the choice of parton shower and hadronization parameters. Finally,
detector response is more precisely modelled if one uses the GEANT4 package [23] at
the cost of more computational power and detailed knowledge of the detector.

In each Chapter of this Thesis we explore different combinations of final states
chosen from the plethora of available states at the LHC. Of particular interest are those
final states that involve the heaviest, and thus more unexplored, sectors of the SM: the
Higgs and top quark sectors. In addition to testing SM predictions, we are interested
in how current experimental results constrain different Beyond the Standard Model
(BSM) models and how to improve upon them by proposing new search strategies.
Chapters 2, 3 and 4 explore specific BSM models scenarios detailed in Section 1.2.
Each of these Chapters explores different (and often overlapping) sets of final states.

The ATLAS and CMS analyses are highly sophisticated, implementing a wide array
of statistical techniques designed to discriminate signal from background. However,
to have an accurate prediction of the expected background and signal events they
usually rely on Monte Carlo simulations. These techniques are computationally ex-
pensive and, although extensively validated, introduce systematic uncertainties which
limit the performance of the analyses. In Chapters 5 and 6 we detail how the use of
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topic modeling techniques detailed in Section 1.3 could be useful to reduce Monte
Carlo dependency and even perform unsupervised searches where some systematic
modeling uncertainties are greatly reduced.

Before we proceed, we detail the phenomenology of a final state of particular inter-
est: four-top-quarks or 4-top for short. In detailing this we aim to give an example of
what we mean by studying the phenomenology of a given final state while also seeing
in first hand the possibility of BSM physics exploration and the need for reducing the
dependence on Monte Carlo simulations.

4-top

Four-top-quarks production tttt,or 4-top, is among the most challenging final states
to reconstruct at the LHC. The Leading Order (LO) production diagrams are shown
in Fig. 1. The heavy mass of the top quark implies that, although the production is
favored by the gluons’ parton distribution function (pdf), the cross-section is highly
suppressed by kinematic requirements. Although the pure QCD O(«%) diagrams dom-
inate the cross-section, supposedly subleading Electroweak diagrams of O(«xsogw) are
comparable due to the complex structure of the amplitudes. This is due to resonant
tt — tt contributions. The situation is even more complicated at Next to Leading Or-
der (NLO) where sophisticated calculations are involved to give an state of the art cal-
culation of o7 = 11.97i}?3§z where the theoretical uncertainties come from the cross-
section dependence on the choice of factorization and renormalization scales [24].

Q
A 4
~

~+
<
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~
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A
|

A
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s OO0 L— 1 D00 00 :
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Figure 1: Representative diagrams for LO 4-top production.

From the experimental side, 4-top measurements are also very challenging. In addi-
tion to the small cross-section, the reconstruction of the final state is difficult because
the four top quarks decay before reaching detection. The top quarks decay almost
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exclusively to Wb. The W boson has an approximate 67% Branching Ratio to light
quarks, 22% Branching Ratio to electrons and muons and 11% to taus with their corre-
sponding neutrinos. The latter also decay before reaching the detector, having approx-
imately a 65% Branching Ratio to jets and 35% to electron and muons. With the help
of the Narrow Width Approximation (NWA) we can have an approximate number of
expected events in each possible final state.

These final states are not targeted separately but are grouped by their number of
charged leptons. These different channels, characterized by the number of hard elec-
trons and muons identified, are exclusive between each other and have different irre-
ducible backgrounds. We list them in Table 2. We show the total Branching Ratios
and expected events for each channel assuming a 139 fb~' luminosity £ without tak-
ing into account the efficiencies and acceptances of the analyses themselves. We group
together electron and muons as 1. Even at LO the minimum number of hard light jets
is variable because of the hadronic-decaying taus contribution. Notice that, although
the number of true b-quarks is 4, in practice the required number of b-tagged jets is
lowered to 2 or 3 b-tags because of the b-tagging efficiency.

Channel Final states BR (%) | Expected Main back-
events grounds

All hadronic | Nj > 8, Ny =0 30 4991858 Multijet QCD

Monolepton N; =7, Neg=1 42 699f}ﬁ§ tt  + Heavy

Flavour

Opposite Sign | Nj; > 6, Ny = 2,| 15 250f§‘2‘:Z tt  + Heavy

Dilepton Qtep =0 Flavour

Same  Sign |Nj > 6, Ny = 2,|7 1167399 tTW®, ttH, ttZ

Dilepton Qtep = £2

Multilepton | N; >5(4), N, =3(4) | 6 99.87180 | ttw*, ttH, tiZ

Table 2: The different 4-top channels characterized by the number of hard charged leptons
{ = e, u in the final state. We list the Branching Ratios and the expected events with
o= 11.97f;?2§‘0’, £ =139 fb~! without considering efficiencies and acceptances. We
also list the main irreducible backgrounds.

Notice that all channels have missing transverse energy (MET) associated with the
hard process, even in the all hadronic channel where the MET comes from the tau
neutrino associated with the possible hadronic decaying tau. In practice, the analy-
ses group together monolepton and opposite sign dilepton on one hand same sign
dilepton and multilepton on the other to gain statistics because they share irreducible
backgrounds. The latter combination presents the best signal-to-background ratio of
all possible channels, and thus we focus on it throughout Chapters 3, 4 and 5. Even
if the signal-to-background ratio is large, there is still a combination of statistical and
systematic uncertainties that the analyses need to overcome. Although the former will
reduce considerably after the LHC Run-3, the latter is related to the theoretical uncer-
tainties of the involved hard processes and the instrumental background. As shown
in the most recent analyses of ATLAS [25] and CMS [26], the signal modelling with
Monte Carlo simulations leads to large systematic uncertainties. The same happens
with the modelling of some of the backgrounds. ttW¥ in particular shows a persistent
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normalization excess. In Chapter 5 we introduce an algorithm that aims to reduce the
Monte Carlo dependency of the analyses.

Although the current 4-top measurements are consistent with the SM, the reported
measured cross-section central values are still above the expected SM cross-section.
Any difference between the SM prediction and the measurements, but specially an
excess, could point towards BSM effects. The 4-top cross-section, due to its kinematic
structure and the smallness of the SM value, is very sensitive to top-philic light New
Physics (NP) that could be produced at the LHC [27, 28]. There exists also in the
literature many works that point out 4-top as a sensitive channel to test heavy NP
and/or Effective Field Theory effects [29—34]. Because of this, 4-top is a fertile ground
for constraining this kind of BSM physics. This is shown in Chapters 2 and 4, where
two different models, inspired by different measurements, are both constrained by
4-top physics. The former is a B-Anomalies inspired Leptoquark and the latter is
top-philic Z’ which seeks to explain the aforementioned ttW= normalization.

1.2 BEYOND THE STANDARD MODEL

Even though the SM is a hugely successful theory, we know it is an incomplete
one. There are several phenomena which lie beyond the SM and which should be
addressed by considering New Physics (NP), also called Beyond the Standard Model
(BSM) physics. Some of these phenomena arise from experimental observations, as is
the case of dark matter, neutrino masses and gravity, while others are theoretical in
origin as is the case of the Ogcp problem and the Higgs hierarchy problem. It should
be noted however that there is currently no best candidate that can explain these
phenomena completely. This is not to say that we should give up on BSM searches
but that we should make an effort to be as sensitive as possible to most BSM models.
We aim to do this by studying both different BSM models separately and by proposing
semi-supervised and unsupervised classification methods to perform model agnostic
analyses.

Along this Ph.D. thesis, we are interested in possible BSM imprints at the LHC.
Although complete SM extensions are necessary to motivate and guide BSM searches,
our main focus is on the possible signatures at the LHC, often trying to be as model
agnostic as possible. For this reason, in this Section, we give a brief overview of two
specific types of resonances that appear in several BSM theories and which will be
the focus of later Chapters without preferring any UV completion in particular. We
consider resonances between O(100) GeV and O(1) TeV such that resonant production
and resonance decay to t + X final states (where X =t,j,...) are relevant.

1.2.1  Leptoquarks

Leptoquarks are hypothetical scalar or vector fields that can turn quarks into leptons
and vice versa [35]. This defining characteristic sets them apart from other proposed
BSM fields and yields very interesting and distinct signatures over a wide array of
observables, ranging from low-energy flavour physics (e.g. Section 3 of Ref. [35]) to
high-energy collider physics where they can be produced resonantly (e.g. Section 5
of Ref. [35]). They are also theoretically well-motivated, arising in several popular
extensions of the SM which seek to address some of the problems stated above. Exam-
ples of these are Unification scenarios (e.g. Subsection 2.1 of Ref. [35]), neutrino mass
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generation (e.g. Subsection 2.2 of Ref. [35]) or to explain the SM flavour structure (e.g.
Subsection 2.3 of Ref. [35]).

As they need to couple quarks and leptons, the possible Leptoquarks can be charac-
terized by how they transform under SU(3)¢c — SU(2)r — U(1)y in order to keep qfLQ
invariant under each of the gauge groups transformations. As the leptons are colour
singlets, Leptoquarks must transform either in the fundamental 3 or anti-fundamental
representation 3 depending on whether they interact with anti-quarks or quarks. Each
possible Leptoquark field possesses a unique phenomenology. We focus on two scalar
Leptoquark fields, (3,1,—2/3) which we call S; and (3,3, —2/3) which we call S3. As
with the SM fields, we refer to the associated mass eigenstate particles by the name
of the field. S; is a weak singlet and a Q = 1/3 particle while S3 is a weak triplet,
containing three charged particles Sg/ 3, S;/ * and 53_2/ 3. Defining the charge conju-
gation operator C = iy?y°® and q¢ = q"C, we can write the quark-lepton interaction
Lagrangian of S7 and S3 as [35]

~Ci, b o . . ,
Ls, =y Qr v S1 e g +yfRagt Sy e +yfRdg ' S1vh + he (1)
i ; ; LL,RR,RR .

where e is the anti-symmetric tensor and yj; are the S; couplings constants

for left-handed, up-type right-handed and down-type right-handed quark-lepton cur-
rents respectively; and

Ls, =Yij _Ei’aeab(TSg)bCE{’C + h.c. (2)

where T is the isovector of Pauli matrices and y;; are the S3 couplings constants for
left-handed quark-lepton currents.

Leptoquark phenomenology has experienced a resurgence due to their role as a
possible explanation of the B-anomalies. This is detailed briefly before focusing on
their collider phenomenology. We only consider scenarios which are relevant to the
Leptoquarks couplings and masses studied in Chapters 2 and 3.

Leptoquarks at low-energy

Flavour physics is a very active area of research, pushing our understanding of
Nature and testing the SM predictions. This is done through low-energy experiments
such as LHCb and Belle which measure baryons and mesons observables. These
baryons and mesons are composite states of flavour quarks and these experiments
have set some of the stringent constraints on the flavour structure of the SM. Due to
the non-perturbativity of QCD at low energies, obtaining theoretical predictions for
the flavour observables is a challenging task. The most common approach is to use an
effective theory described by an effective weak Hamiltonian [36]

Hegr = Ciw)Qi(p) (3)

where Q; are field operators composed by the elementary particles relevant to energy
scale p of the observable and Ci(p) are the Wilson coefficients of each operator. In
this effective theory, the degrees of freedom of the full theory which lie above the
energy scale have been integrated out. For the SM, this always includes heavy bosons
and the top quark and, depending on the energy scale, could include the bottom and
the charm quarks. Although TeV scale Leptoquarks cannot be produced resonantly at
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these scales, there are non-resonant effects which can be measured. These include tree-
level contributions to observables involving both quarks and leptons such as leptonic
and semi-leptonic meson decays, semi-leptonic T decays and p — e conversion in nuclei;
and loop-induced contributions to observables such as electric and magnetic dipole
moments of quarks and leptons, rare radiative decays of mesons and leptons, and
neutral meson anti-meson oscillations. In our case, we are also integrating S; or the
three components of S3. We approximate the three components of Sz to have the same
mass as done in Ref. [35]. Schematically, for a scalar Leptoquark S

Le(SM) = J:DSL(SM,-S) @)

Because to QCD asymptotic freedom, one is able to factorize long distance and
short distance behavior. The operators Q; contain all long distance behavior while the
Wilson coefficientes C; contain short distance behavior and thus all the information
about the integrated degrees of freedom of the full theory. To obtain these coefficients
one needs to perform a matching of the full and effective theories, which amount to
calculate the expectation. This matching will have a theoretical accuracy determined
by the perturbation order up to which one can calculate these amplitudes. As one
needs to match amputated Green functions, this matching can be done with arbitrary
momenta for incoming and outgoing particles. Due to the presence of large logarithms
asLog(M/u), these matching is usually performed near the scale of the integrated out
degrees of freedom p ~ M. After performing the matching at this scale, the coefficients
at a different scale can be computed with the help of the Renormalization Group
Equations (RGE) that take into account these large logarithms up until p ~ 1 GeV.
Having obtained the Wilson coefficients for the set of operators, we can use these to
obtain theoretical predictions for low-energy processes. All QCD non-perturbative
effects are thus confined to the matrix elements of the operators, which need to be
calculated by other means [36].

Recently, there have been discrepancies in low-energy measurements in B-factories
(that is low-energy experiments focusing on hadrons with at least one bottom quark)
which are collectively known as the B-Anomalies. These measurements consist of
ratios of meson decays

o _ BB KM
KE™ BB = K(xee)

- _ B(B—DWy)
PY T BB DM |,

At the time of publication of the work detailed in Chapters 2 and 3, these mea-
surements presented deviations from SM predictions at the ~ 3.5 — 40 level [37—40]
for Ry () and at the ~ 40 level [41—44] for Ry (). The unique flavour structure of Lep-
toquarks generates tree-level processes that are loop-suppressed at the SM. Because
of this, Leptoquarks are a possible explanation to the B-Anomalies [39, 45-51]. If
we restrict ourselves to a single Leptoquark scenario, S3 could be responsible for the
Ry (- anomaly at tree-level processes [52] while S; can accommodate both anomalies,
accommodating Ry (.) at the tree-level and Ry (. at the loop-level [53]. Moreover, one
could think of combined explanations which have greater freedom to address these
anomalies [51].

It should be noted however than new measurements have reduced the discrepancies.
The deviations have reduced to the ~ 3.10 level [54] for Ry (.) and to the ~ 3.10 level [55-
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57] for Ry (-). Even when taking this into account, the B-anomalies are still one of the
most interesting deviations from SM predictions as they would imply signatures of
possible TeV scale BSM. This BSM could thus be produced at colliders.

Leptoquarks at Colliders

Leptoquarks can be produced at colliders through their interactions with SM par-
ticles. There are many production mechanisms that could take place in these collid-
ers and which are distinguished by how many on-shell Leptoquarks are produced.
We understand as pair production when there are two Leptoquarks on-shell, single-
resonant production when there is only one Leptoquark on-shell, and non-resonant
all other cases, as for instance a Leptoquark in t-channel.

At the LHC, Leptoquarks are pair produced through their QCD coupling to gluons,
as in Fig. 2a). Due to this, pair production is model independent and its usually as-
sumed to be the dominant mode of production. In contrast, single- and non-resonant
production are of order O(lyl?) and O(ly|*), as depicted in Figs. 2b) and 2c) and thus
are model dependent.

The Leptoquark is searched through its decay to SM particles. This decay to a
quark-lepton pair gl (where 1 could be either a charged lepton { or a neutrino v) can
be calculated to be

|UL1|2+‘UR1|2
Msyqr = ——— (Mg —mZ —m{)
16mM3 q
\/M‘S‘—ZMé(mé+m%)+(mé—m%)2

(5)

where |UI(§1 (‘:151) are the left-handed (right-handed) couplings between the scalar Lep-
toquark and the quark-lepton pair. An useful parametrization is to consider the
Branching Ratio of the Leptoquark to ql, defined as

I’
BR(S — ql) = =4t (6)
I's
where Ts is the total width of the scalar Leptoquark. This is useful because, if we
assume the width is small enough for the NWA to be valid, the resonant Leptoquark
production and decay cross-section can be factorized. For pair production

o(pp — SS — q1liqz12) ~ o(gg — SS)BR(S — G 11)BR(S — q,12) (7)
and for single-resonant production

O'(‘p‘p — S, — q]hlz) ~ O'(pp — S1,)BR(

olpp = ST, = q1il) =~ o(pp — SIL)BR( 1) (8)

This factorization is not present in non-resonant production.

Leptoquark searches are usually performed by considering each possible quark and
charged lepton generation separately. Neutrino flavour is summed out as it is un-
observable at the LHC. For example, third-generation S; pair production searches
target the ttt—t" and bb + MET final states exclusively. The reported limits on the
observed cross-section are limits on 0BR;BR; and they are translated to limits on the
Leptoquark mass by assuming Branching Ratios of 1 or 0.5, depending on whether
the Leptoquark couples to one or two different quark-lepton pairs.
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Figure 2: Representative Leptoquark Feynman diagrams for a) pair production b) single-
resonant production and c) non-resonant production.

Pair production has been the main target of LHC searches. It is both the most model-
agnostic production channel and, under the assumption that [yi;| << gs, the dominant
production mode. Chapter 2 is an example of the phenomenology of a Leptoquark
model that is pair produced at the LHC. However, as the pair production searches set
stringent limits on the Leptoquark mass, single- and non-resonant production have
received renewed attention [58—60]. Chapter 3 shows an example where single- and
non-resonant production effects are relevant.

1.2.2 Z models

The hypothetical Z’ particle is a neutral, colour-singlet spin 1 vector boson. A wide
variety of proposed SM extensions have one or more Z’ among the BSM resonances
and thus it has been consistently and extensively searched for.

11
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Because of its quantum numbers, Z’ could in principle mix with the SM Z boson.
This mixing is very constrained by electroweak precision tests, e.g. the restrictive
bounds imposed by LEP [61]. Because of this, and with an eye towards studying a
top-philic Z" in Chapter 4, we neglect all mass mixings. We also neglect couplings to
leptons and to down type quarks as they are not relevant to explaining the experimen-
tal results we consider in Chapter 4.

Its most general interaction Lagrangian with couplings restricted to up type quarks

is [5]:

Line 2Z, | Y wy™(ghPL+gfPrly; | - (9)
i,j=u,t,c

This Lagrangian does not need to be diagonal in flavour space. Indeed, the pres-
ence of flavour changing neutral currents (FCNC) yields a distinct and interesting
phenomenology. Although most FCNC are tightly constrained [62, 63], this is not
necessarily the case for those involving a top quark. Assuming right-handed only
couplings, we study how these FCNC yield a key handle to explain experimental re-
sults in Chapter 4. There, we consider several resonant and non-resonant production
modes at the LHC. These production modes are fairly specifical to our model due to
the chiral nature of the couplings and the fact that we only consider interactions with

up-type quarks. Namely, we consider:

1. Resonant Z’ production. This is proportional to |gR |, |gR.|? or [gR.|2. The dif-
ferent decay channels of the Z’ are constrained by di-jet, tt and tj + tj resonance
searches.

2. Non-resonant tt and tt production, proportional to |gR.[4, [gR gk [* or [gR *.
The difference between tt and tt productions is the charge of the initial state
quarks.

3. tZ’' +1tZ’ production. This is proportional to IgR.|% or |[gR,|?. It is one of the two
main channels we consider in Chapter 4 to explain ttW* and 4top data.

4. ttZ’ production. This is proportional to |gR|?. It is one of the two main channels
we consider in Chapter 4 to explain ttW* and 4top data.

5. tZ'j+1tZ'j production, where the Z’ is emitted from the t/t or the u- or c-jet.
This channel is suppressed because we consider only right-handed couplings
and thus we require a left-handed u to interact with a W* and then become
right-handed to interact with the Z’. This chirality flip is suppressed by the low
up quark mass.

When considering resonant production, the assumed small width of the resonance
ensures that the production and decay of the Z’ factorize

olpp = Z' +X =Y+ X) = o(pp = Z' +X)BR(Z' =) (10)

In order to have a complete theoretical prediction we need the partial widths, and
thus the Branching Ratios, of the Z’ to two quarks. When M > m; + mj, the partial
width is
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9§12

T2 sqa; = 167TM§/\/M4’ IMZ,(m2 +m2 )+ (m, —m2 )2
( Zi_mZ')Z
(2M3Z,(1 — qzmgq) )—mg, —mg) (11)

that reduces to 24; MZ/IQUI2 for massless quarks (N, = 3 is the number of quark
colours). For flavour changing neutral currents where i # j, there are two partial
widths: Fzr%qiqj and szﬁqjqi.

If Mz, < mi+ m;, then at least one of the quarks must be produced off-shell. For
our purposes, we are interested in the Z’ — tt decay when my < Mz, < 2my. In
this case, one of the tops is produced off-shell and decays to a W+ boson and a b-
quark, with appropriate charges, resulting in a three-body decay. If the mass is low
enough, one should consider the case where both top quarks are produced off-shell.
This WbWb decay width can be calculated as [64]

oW & = |g]§t|§ océw ' m{
4mtM, (3271)2 sin? (O )my,,
(Mz—my—mp)? dQ% (Mz—/Q3)? dQ%
J(mwmb)z (Q7)2 memb)z (Q3)
F(MZ,Q1,Q3) z(mW'Q%m%z) 2 Fz(m%V'zQz%'m%z) 2
(Q1 )2 +merg (QF —mf)? +meTy

(12)

where F(a,b,c) = y/aZ—2a(b+c)+(a—b)2(a(2a— (b+c)) — (b —c)?) is an aux-
iliary function, agw is the fine structure constant, 6y, is the Weinberg angle and
I — — %W F(mw mg, mb
t 16 sin? (8w )m

The tWb decay w1dth can be obtained by setting one top quark on-shell, which is

done by taking the NWA for one of the tops Q? distribution:
1

is the top-quark width.

~ 5 2 2 1
(Q3—m?)2+mirz  mly Qe md "
with which we get
r o |9]§t|2 “%W ]
Z'—tW-b 4mtM3, (327)2 sin® (B )m$,,

T J’(Mz’_mt)2 dQ%
mtrt

(mw+my)? (Q%)Z
2 2y F m%/w Qﬁ,mﬁ)
F(MZ,, m¢, Q3)F(myy, mtrmb) (Q2—m?)2 + m2I? (14)
The reader can verify that putting the remaining top quark on-shell (assuming Mz, >
2m,) yields the expected decay width. In practice, we compute the three-body (and
if necessary four-body) decay width numerically with MadwWidth, a MadGraph mod-

ule [65].

The Z’ can also be constrained indirectly. For example, the Z’ would be responsible
for rare top quark decays. These rare decays have been studied in Ref. [66], obtaining;

m3 mz 2, rtj
BR(t > V) = Cr 1—— | (F P +FE ) (15)
T ¢ mt
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where C¢ = 1 (4/3) when V is photon vy (gluon g), and F?}l and F,tij are auxiliary
functions define in Ref. [66] that depend on the coupling structure and the Z’ mass.
These decays can be used to constrain the coupling structure and Z’ mass with the
help of the experimental bounds set in Refs. [67—70].

At lower energies, the Z’ is constrained by a wide array of experimental results.
In Chapter 4 we calculate the one relevant flavour constrain to our model, D — D°-
meson mixing.

1.3 TOPIC MODELING TECHNIQUES FOR MACHINE LEARNING AT THE LHC

As we mentioned in Section 1.1.1, in this Thesis we propose to use two topic mod-
eling techniques in LHC searches. Topic modeling is a subject of natural language
processing and Machine Learning that concerns the study of statistical models to re-
cover abstract topics that occur in a corpus of documents.

Although Machine Learning techniques are well established as useful tools in LHC
physics, the main focus has been to apply discriminative algorithms to optimize data
selection for supervised searches. The two main algorithms in the LHC experimental
toolkit are Boosted Decision Trees and Neural Networks (NN) [71] with both relying
on (an usually large set of) Monte Carlo simulations to improve upon cut-based tech-
niques. However, applications of semi-supervised and unsupervised techniques to SM
analyses and BSM searches have received increased attention in the last few years, see
e.g. refs. [72—98]. These techniques are designed to separate signal and background
events in mixed samples, and could therefore be run directly on experimental data
without the need for pure Monte Carlo training samples.

Our main goal is to build upon the existing topic modeling literature to perform
semi-supervised and/or unsupervised classification of the LHC data. In doing this,
we hope to reduce the theoretical bias and Monte Carlo uncertainties that difficult
current analyses. We also are focused on obtaining an unsupervised algorithm that
allows to search for a potentially vast array of BSM signals. This is necessary because,
as detailed in Subsection 1.2, there is no current preferred BSM model to guide our
searches.

As its name suggests, a topic model is an statistical model where we assume a
collection of documents, which we call the corpus, can be reduced in some way to a
set of abstract topics. These abstract topics then encode the corpus information in a
lower dimensional latent space which can be exploited to characterize the corpus by
any means possible, e.g. clustering documents according to their topic composition.

For example, Latent Semantic Analysis [99] (LSA) is a topic model where we com-
pute the word occurrence per document matrix X and using truncated Singular Value
Decomposition of dimension k we obtain the best approximation (that has the lowest
error using the Frobenius norm) of X using k parameters.

However, topic models like LSA are not appropriate to study LHC physics. Instead
of abstract topics, we are looking for meaningful topics that have a clear relation to the
hard processes we wish to study. Because of this we consider generative probabilistic
topic models. Generative models assume the existence of latent variables from which
the observed data is sampled and from which we could sample "new" data. The spe-
cific model with its conditional structure is best encoded in a graphical model [71].
Instead of point estimates of the topics, we are interested in the posterior probabilities
of the topics given the observed corpus. This can be obtained by numerical meth-
ods such as Gibbs sampling or Variational Inference. Another benefit of probabilistic
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models is that, as we consider the full posterior, the overfitting reduces significantly.
A more detailed description of probabilistic topic models and the variational bayes
inference method used to obtain the topics can be found in Chapter 6.

We consider two probabilistic topic models that have already been adapted to the
LHC. We consider how the Topic Model Demixer algorithm or Demixer algorithm intro-
duced in Ref. [82] can be applied to 4-top physics in Chapter 5. We expand on the use
of Latent Dirichlet Allocation or LDA introduced in Ref. [100], performing a thorough
exploration of the hyperparameters of the model to define selection criteria needed
for a full-on unsupervised search in Chapter 6. Both of them need to adapt the topic
models for the LHC by defining documents and words. For example, in Chapter 5
documents are events and each of them consists of only one word. In Chapter 6
the documents are again the events but now the words are a set of jet substructure
observables, with each subjet splitting an observed word.
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LEPTOQUARK PAIR PRODUCTION AT THE LHC

In this Chapter we explore the LHC phenomenology of a Leptoquark that could be
responsible for the R](:) anomaly. As shown in Ref. [39], the tree-level exchange of
scalar or vector Leptoquarks at the TeV scale generate dimension-six operators with
Wilson coefficients of appropriate size to accommodate the deviations observed in
LFU observables in B-meson decays. A very interesting possibility is to consider a
new strongly coupled field theory (SCFT) that, besides the Higgs boson, generates
resonances at the TeV scale, some of which are Leptoquarks with the characteristics
described in Section 1.2.1.

We show below how, in the context of anarchic partial compositeness, Ry (.) mea-
surements prefer a Leptoquark mass of < TeV. However, electroweak precision tests
(EWPT) in general require the masses of resonances to be m. 2 few TeV, thus a sep-
aration between the lightest Leptoquark mass and m, is required. This splitting can
be obtained if the Leptoquark involved in Rk is a pseudo Nambu-Goldstone boson
(pPNGB), since in this case its mass is given by MHNGB = Q%m*, where ggv is an SM
coupling such as the gauge couplings or the top quark Yukawa coupling. Therefore,
in the following we propose that this Leptoquark is a pNGB of a new sector, and we
study the case of S3.

Considering the Leptoquark triplet as a pNGB allows a splitting between the mass
of S3 and the masses of other NP states, which can then be made naturally heavier
and whose effects in EWPT can be neglected. A suitable framework for this scenario
is a new strongly coupled sector with resonances heavier than a few TeV [46, 52, 101],
and with a global symmetry spontaneously broken by the strong dynamics, generat-
ing a set of pNGB’s. Within the pNGB’s there is the state S3, as well as a composite
Higgs boson. There might exist also additional light scalars, but we assume their phe-
nomenological impact in the context of this study can be neglected. We also assume
anarchic partial compositeness, which leads to a well defined pattern of couplings,
which we take as a benchmark point.

We focus on the component of S3 with electric charge 1/3, denoted S;/ 3, and its

LHC phenomenology. The main decay modes are S;r] /3 14+ and bv, with a prefer-
ence for second and third generation leptons. We consider several recent LHC searches
that are sensitive to the presence of the S ;/ > state and derive constraints in its Branch-
ing Ratios as a function of mass.

This Chapter is organized as follows. In Section 2.1 we present an effective descrip-
tion that allows to model the Leptoquarks as composite states and we discuss the phe-
nomenology of the model, combining model predictions with the available B-physics
anomalies results. In Section 2.2 we discuss and implement the re-casting of three
LHC searches to constrain the Leptoquark’s parameter space. Finally, in Section 2.3
we provide a summary and outlook.

The basis of this Chapter is the collaboration with Ezequiel Alvarez, Leandro Da
Rold, Aurelio Juste and Tamara Vazques Schroeder that resulted in Ref. [102]. I par-
ticipated in the recasting of the searches to limits in the BRs space as reported in
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Section 2.2, particularly in performing and tuning the simulations needed for 4-top
recasting, with the exception of the likelihood fit performed for the 4-top simulations.

2.1 A MODEL FOR A B-ANOMALIES INSPIRED PNGB LQ

We present an effective description that allows to model the Leptoquarks as com-
posite states in Subsection 2.1.1. We discuss the phenomenology of the model in Sub-
section 2.1.2, where we combine the model predictions with the available B-physics
anomalies results and we detail its phenomenology and the impact of different ob-
servables on the coupling structure.

2.1.1 Leptoquarks as a pNGB from an SCFT

We consider an SCFT that produces resonances with masses m.. 2 few TeV of the
kind detailed in Ref. [103]. The SCFT has a global symmetry G, spontaneously broken
by the strong dynamics to a subgroup H containing the SM gauge group. The Higgs
boson and the S3 Leptoquark are pNGBs associated to this spontaneous breaking of
global symmetries. This assumption determines the size of the couplings between
the SM fermions and the SCFT. There might be other pNGB states in the coset G/H,
Leptoquarks or not, but we will assume that their effect is subdominant for the phe-
nomenology that we will study, compared with the effect of S3. The flavour structure
of the SCFT is taken to be anarchic [104, 105], meaning that there are no preferred
directions in flavour space, and thus all the coefficients of tensors in flavour space are
of the same order.

In the model we consider, the SM states are elementary with the SM gauge fields
weakly gauging a subgroup of the global symmetries of the SCFT. The SM fermions
have linear interactions with the SCFT:

£ D w PsmOscrr

where w is the coupling at the UV scale at which this interaction is defined. Bilinear
coupling effects are taken to be subdominant compared with the effect of the linear
ones, and thus not considered in the following. All these interactions explicitly break
the global symmetry of the SCFT, resulting in a potential being induced at loop level
for the resulting pNGBs. The top quark dominates the contributions to the potential,
and it can trigger the breaking of the electroweak symmetry.

Rather than attempting to develop a fundamental theory, we consider an effective
theory describing the resonances and their interactions. For simplicity we adopt the
one scale and one coupling description of the resonances [106], defining g. as the
typical size of the coupling between the resonances. We assume g, to be larger than
the SM couplings but still in the perturbative regime, i.e 1 < g, < 5. At low energies
the linear interactions of the SM fermions lead to mixing with the resonances of the
SCFT:

Lege O A f PsmWscrr (16)

where A is the coupling at the scale m,, f = m, /g, is the pNGB decay constant, and
Yscrr is a fermionic vector-like resonance of the composite sector. This mechanism is
usually known as partial compositeness [107], since the mass eigenstates are a mixture
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of elementary and composite states, with degree of compositeness € ~ A/g.. Fermionic
resonances and the Higgs have Yukawa interactions:

Lett O gxCijWscrrHYScrr,

with ¢y anarchic coefficients in flavour space of O(1).

In the case of an anarchic SCFT, linear interactions lead to what is usually referred
to as “anarchic partial compositeness” (APC). Assuming that the scale evolution of
the linear couplings is driven by the dimension of the SCFT operator and that there
exists a separation between the UV scale of Eq. 16 and m,, it is possible to obtain
a mixing hierarchy of the SM fermions. After electroweak symmetry breaking, this
mixing leads to interactions with the Higgs boson that generate masses for the SM
fermions. Their Yukawa couplings have the structure:

Yij = g«€Li€RjCij,

where 1,j are generation indices and et i,ri is the degree of compositeness of the Left-
handed (LH) or Right-handed (RH) quirality. Large masses, as in the case of the top
quark, can be obtained by taking the left-handed (LH) and right-handed (RH) mixing
to be of O(1). This in turn implies a large degree of compositeness for the top quark,
€ ~ O(1). In contrast, tiny masses can be obtained by taking the mixing of one of the
chiralities to be small, as in the case of the light quarks and leptons. A hierarchy of
mixing of the LH quarks can also lead to the CKM matrix. The scenario of APC also
provides a very economic mechanism to satisfy most of the flavour bounds present
in Composite Higgs Models [105, 108]. Of these constraints, the most important ones
arise from the kaon system and electromagnetic dipole moments, although some so-
lutions have been proposed [109-111].

Furthermore, the masses and weak mixing angles of the SM quarks can be repro-
duced by taking:

SM SM SM
N)\3 -~ yt -~ yc -~ yu
eq] C€q3 ’ €u3 ’ euz Az 7 €u1 )\3 7
9x€q; cY+€q; cY+€q;
SM SM SM
2 yb Ys yd
€q, ~ACEqs » €d; ~ ——, €4, ~ ae €4, ~ B (17)
9x€q3 c9+€qs Cc9+€qs

where €4, corresponds to the LH doublet of ith generation, whereas €, and egq, to
the RH singlets, A¢ is the Cabibbo angle, and y*™ are the Yukawa couplings of the SM.
The degree of compositeness of all the quarks is determined by physical quantities up
to a common factor 1/(gs«€q;). The first column leads to the CKM matrix

1-2 Ac AL
Vekm =~ A 12 A2
AL A
while the other three rows lead to the quark masses, as detailed in Chapter 4 of
Ref. [112].
The lepton sector depends on the realization of neutrino masses. We will assume

that the angles of the PMINS matrix are generated by the matrix that diagonalizes the
neutrino mass matrix. For the charged leptons we will take hierarchical mixing of the
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same size for both chiralities of each generation. This choice minimizes the constraints
from flavour violating transitions in the lepton sector [112]. Therefore, we assume:

e 5=1,2,3 8
€€jN€ejN g*\}, )=1,45, (1)

where v stands for the vacuum expectation value (vev) of the Higgs field.

The interactions between the SM fermions and the resonances depend explicitly on
the mixing. Although the SCFT is anarchic, the couplings with the resonances are not
because they are mediated by the hierarchical structure of the mixing. Interactions
involving two SM fermions, 1} and ', as well as a spin 0 or 1 resonance, are expected
to be of order ey g.€,,. Roughly speaking, heavy SM fermions, mainly the top quark
but also the left-handed bottom quark and eventually the T lepton, will have sizable
couplings whereas the coupling of the light SM fermions to the resonances will in
general be suppressed.

For the case of a spin 0 S3 Leptoquark resonance, in Section 1.2.1 we wrote its
interaction Lagrangian as [35]:

Ling Dy Qe (1-53)%¢0¢ + he., (19)

It is useful to define the electric charge eigenstate basis: 5;4/ > = (S} —1i82)/Vv2,
S;L] 3 = S3 and ng/ > = (S! +1S2)/v/2. Expanding Eq. 19 in components and rotating
to the mass basis of fermions we obtain [35]:

Line > = V2 &) S5 ef + V2 (ViYW g’ 53777 o
B 8;1/3 [(Uu)jk d_f] V]EJF (VTy)jk u_f_] e‘{] + h.c., (20)

where V and U are the CKM and PMNS matrices.

The SM gauge symmetry is compatible with the presence of S3qq interactions which
in turn can mediate proton decay. The presence of these interactions with Leptoquark
masses of order TeV would rule out the present scenario. We assume that there exists
an additional symmetry that forbids these S3qq interactions [39] while allowing S3q¢
interactions. This can be achieved with a discrete Z, symmetry, e.g by assigning an
odd parity (—) to S3 and ¢, and an even parity (+) to .

The S3 Leptoquark also interacts with the Higgs boson. It is interesting to study
these interactions because they can split the masses of the components of S3. Con-
sidering up to dimension-four operators, there are two independent terms of type
sté [35]. Evaluating the Higgs field on its vev, they induce splitting between Sj3.
In the presence of other Leptoquarks, as S, S, ~ (3,2)1,6 and S, ~ (3,2) 5,6, new
effects are present at the level of dimension-four operators. The splitting between com-
ponents of a given multiplet is of order v, thus Ams ~ O(100 GeV) can be expected.

The couplings y in Eq. 19 can be estimated by considering Eqs. 17 and 18, obtaining

?\%:«/me/v ?\%\/mu/v ?\é\/mT/v
Y~ €q31/9x ?\%:«/me/v ?\zcw/mu/v ?\ZC\/mT/v , (21)
VMme /v Vmu/v Vme/v




2.1 A MODEL FOR A B-ANOMALIES INSPIRED PNGB LQ

where €, is a coupling of O(1) and Ac is the Cabibbo angle. A numerical estimate of y,
up to the factor 1/(eq;+/9x), can be found in Ref. [39]. Without the need of numerical
estimates one can see that the model presents a clear hierarchy by construction

Y3i o Ysi 1
Sy2i 25y
Yizs  Yi3 1
4y 60y

for i =1,2,3. Motivated by this, we study the S3’s LHC Phenomenology assuming
only y32, yz3 couplings, |V33| = 1, an unitary PMNS matrix and all fermions massless.

2.1.2  S3 LHC Phenomenology

Having detailed the S3 interaction Lagrangian and the corresponding estimates of
the couplings, we have the tools to study its phenomenology at the LHC. We find that
the main decay modes include a third-generation quark and are

~2/3 -
$37° = Y tw o lyssP+lys2f (22)
i
1/3 4oz -
Sy /3t tu“”,vai < lyssl? sl lyssl? +lysz2l? (23)
R
4/3 L
Sy B bt but o« lyssl, lysal (24)

and their CP conjugates. We have indicated, along with each decay mode, the corre-
sponding couplings involved. The exact formulas including the CKM mixing matrix
are deduced from Eq. 20.

Note that, although Sg/ 3 is the component that would be involved in the neutral-

current B-physics anomaly RL*), its main decay mode (Sg/ 3  br) is hard to detect at
the LHC when produced on-shell because of difficulties in t-lepton tagging and large
associated backgrounds. Recent dedicated searches [113] and constraints from B — L
R-parity violating stops [114], are used to set limits on this particle. In contrast, the
Sﬁ/ 3 component of the triplet has a unique decay mode, Sé/ 3 _5 tv, which is quite well

constrained by stop searches [115]. On the other hand, S;/ 3 is the only component
that has decay channels to the upper and lower members of the lepton doublet. The
S ;/ > by decay mode is constrained by sbottom searches [115], whereas the charged
lepton decay mode has limits from dedicated Leptoquark searches [116, 117] and can
also be constrained via searches in multilepton plus jets final states, such as 4-top (tttt)
searches [118]. Because of this, in this Chapter we choose to focus on the constraints
on the S;/ 3 Leptoquark.

It is interesting to notice in Eqs. 22-24 that these decays are driven by what our
framework predicts to be the largest yi;. In contrast, because of kinematic considera-
tions, in B-meson decays most of these y3; are not accessible unless they are accompa-
nied by a suppression factor y»;j, as for instance y,, in B — Kutp~.

In addition to the different phenomenology of these decay channels, we should
expect a splitting of the mass eigenstate due to the electroweak symmetry breaking. As
detailed in Ref. [103], we can expect a Leptoquark mass splitting of Amgs ~ O(100 GeV).

As we detailed in Section 1.2.1, the S3 Leptoquark couples to gluons through the
strong interaction with coupling strength gs due to its colour charge and thus can be
pair produced at the LHC independently of its weak coupling to quark and leptons.

23



24

LEPTOQUARK PAIR PRODUCTION AT THE LHC

Moreover, depending on the Leptoquark mass and this weak coupling, there will
be some characteristic mass limit above which it would be more promising to study
single, rather than pair production [51, 119]. Given the current status of the B-physics
anomalies, we find that a S3 with couplings motivated by partial compositeness has
a larger cross-section for pair production than for single production for Leptoquark
masses < 1 —1.5 TeV (see for instance Ref. [46]). Therefore, in this Chapter we consider
solely QCD-mediated Leptoquark pair production.

Once Leptoquarks are pair produced at the LHC, they decay into quarks and lep-
tons. In the NWA, Leptoquark production and decay factorize and the decay is
parametrized by the Branching Ratios. These Branching Ratios are determined by the

relevant y;; coefficients. The R](<*) anomalies suggest the following relationship [39]:

Y32Y3r —Y31Yzy 1
M2 T (33 Tev)? )

Since in the context of partial compositeness the couplings involving fermions of the
tirst generation are suppressed compared with those involving the second-generation,
Eq. 25 simplifies to
Ya2Yy; 1

M2 7 (33TeV)2
Within our framework there are further expected relations between the y;; coefficients,
which determine a preferred curve in parameter space. In particular, it is useful to
recall the following relationships:

(26)

Y22 a2 4 0.05, (27)
Y32

Yz /Mx g4 , (28)
Y32 my

which come from Eq. 21.

Within our framework, with no other decay channel other than S;/ 35 tT, ty, by,
and again assuming only y33, yz2 couplings, [V33| = 1, an unitary PMNS matrix and
all fermions massless, we can obtain the following Branching Ratios:

2
BR(S)? = tt IEEL ) 2

53 ) = AusP + vl (29)

1/3 lys2l?
BR(S}3 s ¢ ) o
557 =) = R+ lusaP) (30)

1

BR(S)? = bv) = =. (31)

2

Interestingly, due to CKM and PMNS unitarity and the chosen SU(2)y structure of the

interaction Lagrangian, the BR(S;/ 3 bv) is fixed and

1
BR(S}/® — t1) + BR(S}/®> = tn) = BR(S}® = bv) == . (32)

2
In a more general model, this relationship may not hold depending on the assump-
tions made. In models without other decay channels, giving a maximum value for

BR(S]/3 — bv) can set a minimum value for BR(SV3 — t1) + BR(SV3 — tyw). In
3 3 3
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our model, it also sets a maximum value to BR(S;/ 3 tT) + BR(S;/ S tp). By tak-

ing Eq. 28 and considering the preferred region to be within 50% of the central value
reported there, we take

Y33 _ 449,

Y22

and obtain that for our relevant component S;/ ?

BR(SL/? — t1)

=(4+2)%.

The size of the preferred region is somewhat arbitrary and it reflects the fact that
Eq. 28 is determined up to factors of O(1).

Egs. 32 and 33 define a curve in the Branching Ratio parameter space in which our
PNGB-based Leptoquark model is preferred. In Section 2.2 we recast several existing
searches to derive bounds on the couplings and mass of S ;/ 3, and compare them to
the preferred curve within our model. We also discuss the constraints resulting from
searches for the other members of the triplet. However, one should bear in mind the
possibility of a significant mass splitting, as indicated above.

2.2 RECASTING LHC SEARCHES

In this Section we study different LHC searches that can be recasted to constrain
our parameter space. We detail the different searches in Subsection 2.2.1 and present
the constraints they set in Subsection 2.2.2.

2.2.1 Searches

In a partial compositeness framework, as in many other BSM scenarios, the main
decay channels of S ;/ 3 are expected to be tt and bv, with also a non-negligible contri-

bution from tu. We consider a dedicated search for pair production of S;/ 3 decaying
into tt [116], as well as two recent searches in final states with bb + MET [115], and
multilepton plus b-jets (in the context of a 4-top search) [118], which would be sensi-
tive to S ;/ 3. The CMS Collaboration has also released a direct search for pair produc-

tion of S ;/ 3 decaying into tu [117], but unfortunately the public document does not
contain sufficient information for a reinterpretation, and thus could not be considered
in our study. In this Section we pay special attention to the 4-top search, not only
because it had not been analyzed in this context yet but also because its translation to
the Leptoquark parameter space requires a detailed recast of the experimental results.
Possible constraints coming from other members of the Leptoquark triplet are men-
tioned in Section 2.3. Some details of each of the searches considered are provided
below:

» Leptoquark search in the ttt 1~ channel: The CMS Collaboration has recently per-
formed a dedicated Leptoquark search in this channel using 35.9 b~ of PP
collision data at /s = 13 TeV [116]. Events are required to have one light lepton
(¢ = e, p), at least one hadronically decaying tau candidate (t,,q), and at least
two jets. Different event categories are considered: {+Tyh,q With opposite charge
and at least four jets, {+Tp,q With same charge, and {+>21,,q (With an opposite-
charge th,q candidate pair). In the categories with exactly one Th,4 candidate,
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the kinematic reconstruction of the top-quark candidate is performed. The main
discriminating variable is the pr of the top-quark candidate. In contrast, in the
category with >21},q4 candidates a counting experiment is performed. Upper
limits on o(pp — 8;1/35;1/3) X BR(S;/3 — t1)? are obtained and compared

to the theoretical prediction as a function of the Leptoquark mass Mg1/3. For
3

BR(S}'® — t1) = 1, the 95% C.L. lower limit on the S;/* mass is Mg1/5 > 0.9
3

TeV. We recast this result as a function of the different Branching Ratios consid-
ered. Because we consider Leptoquarks that can also decay to muons and given
the experimental requirements summarized above, we make the approximation
that the acceptance is similar for signal events with tttT and tttp final states,
whereas negligible otherwise.

Sbottom search in the bb + MET final state: For a massless neutralino, the process
pp — bb — bbx{x? has the same final state signature as pp — S;/ 33;/ > bvb.
Therefore, searches for direct sbottom production at the LHC [115, 120] are well
suited to probe the S;/ > by decay mode. The most restrictive 95% CL lower
limit on the bottom mass for a massless neutralino, my > 1.18 TeV, is obtained by
the CMS Collaboration using 35.9 b~ of pp collision data at \/s = 13 TeV [115].
This limit would be translated to the identical bound for the S;/ ? mass under the
hypothetical assumption that BR(S;/ 5 bv) =1, and the value of theory cross
section at this mass would then represent the experimental upper limit on the
cross section. Considering the Leptoquark model in this Chapter, this Branching
Ratio is reduced because of the presence of new decay modes which are assumed
to have zero acceptance in this analysis. We estimate the appropriate lower mass
limit from the crossing of the new theory prediction as a function of mass with
the estimated experimental upper limit on the cross section.

4-top search in multilepton final states: As detailed in Chapter 1, 4-top searches
target a rare process that is sensitive to many beyond-SM scenarios that involve
third-generation quarks. One of the most powerful signatures to search for 4-top
events involves the presence of multiple leptons with additional b-jets, which can
also be produced by pair-produced S ;/ 3 Leptoquarks that decay into tt and/or
tp. The CMS Collaboration has recently performed a search for SM 4-top pro-
duction in multilepton finals states (only electrons and muons are considered)
using 35.9 b~ of pp collision data at /s = 13 TeV [118]. Up to eight signal re-
gions are defined depending on the number of light leptons (same sign dilepton
or trileptons) and the number of b-tagged jets (2, 3, and >4). Different require-
ments on the number of jets are made in different signal regions. In order to
recast this search, a detailed study has been performed attempting to reproduce
the experimental selection and the statistical analysis.

We have implemented our model using Feynrules [14] and loaded it into

MadGraph5_aMC@NLO [12], which has been used to simulate S ;/ 3 pair production
at /s = 13 TeV, followed by the S;/ 3 decay into both tt and tp. Since we are
focusing on pair production with the decay structure detailed in Eqgs. 22-24, our
results are in principle independent of the absolute value of the Leptoquark
couplings to quarks and leptons. At most, their effects comes from the Lepto-
quark width, which is taken to be 1% of the mass, and thus smaller than the
experimental resolution. The signal events have been generated using a leading-
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order matrix element and the NN23LO1 PDF set [121], and have been processed
through Pythia 8 [16] for the modeling of parton showering and hadronization,
as well as through a simulation of the CMS detector response as implemented in
Delphes 3 [18]. The simulated signal samples have been normalized using the
NLO cross sections computed in Ref. [122] for squark pair production correcting
for the fact that we do not have the same mass degeneration when considering
Leptoquark pair production.

For a more accurate recasting of this search, we have modified the Delphes 3
card and our data analysis to match as closely as possible the CMS detector and
analysis described in Ref. [118]. With this modification we obtain simulated 4-
top yields in each signal region that are in an average 15% disagreement with the
central values reported in Ref. [118]. We scan the parameter space of Branching
Ratios in our model, allowing for S;/ 3 decays into tt, ty, and bv, and obtain the
predicted yields in each signal region for this analysis. The slight discrepancies
that had been found in the validation of 4-top yields are used to correct the
yields per signal region. We derive upper limits on the signal cross section times
Branching Ratio using the CLs method [123], which employs as test statistic
the ratio of the likelihoods under the signal plus background hypothesis over
the background-only hypothesis. The likelihood fits are performed using the
HistFitter package [124], which relies on RooFit [125] and the minimization
algorithms from MINUIT [126].

2.2.2 Results

In this Subsection we use the results from the LHC searches discussed in Subsec-
tion 2.2.1 to derive bounds in the plane of BR(S;/3 — t1) vs BR(S;/3 — tu) as

a function of S;/ 3 mass, under the assumption that BR(S;/ 3 tt) + BR(S;/ S

ty) + BR(S;/ R bv) = 1. We also perform a simple extrapolation of these searches
to higher energy /s = 14 TeV and luminosity £ = 300 fb~' which are representative
limits of the full LHC Run 3 dataset. These bounds are compared to the preferred
region within our model, given by Egs. 32 and 33.

The three LHC searches that we study probe different final states and thus exhibit
complementary sensitivity to the Branching Ratio parameter space, as shown in Fig. 3
for different values of M 13- The direct Leptoquark search [116] explores the tttHt—

final state and thus is sensitive to large BR( S;/ 3 tt), while the sbottom search [115],

focused on the bb + MET final state, probes large BR(S;/ S bv). In the framework
of partial compositeness these represent the two dominant decay modes for the S;/ 3
Leptoquark. In contrast, the multilepton final states covered by the 4-top search [118]
can originate from ttu*p~, tttTuF, and ttt" 1. Therefore, the 4-top search provides
unique sensitivity to a large generation mixing y3, which, although is not preferred
by partial compositeness, is one of the parameters directly involved in the B-physics
anomalies. It is worth recalling that this presentation of the results, where the bot-
tom left corner of the Branching Ratio plane corresponds to large BR(S;/ > bv),
relies on the assumption of only three sizable decay modes (S;/ 3 tT, ty, bv), and
would be modified if additional sizable unknown decay modes would exist. Further-
more, it should be stressed that the parameter space being probed is a function of the
Branching Ratios and not the absolute values of the weak couplings. Therefore, since
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Ms; s3 >> my yields Branching Ratios independent of MS 13/ practically the whole

parameter space as function of Branching Ratios in Fig. 3 is in principle allowed by
the B-physics anomalies, namely Eq. 25. The extreme cases of Branching Ratios equal
to zero, one, or very close to them, may yield y;; that either cannot satisfy Eq. 25 or
have non-perturbative values.

Based on these results, the partial compositeness preferred region is excluded for
masses M 13 < 0.9 TeV. For higher masses, the region preferred by our model is not

directly excluded This conclusion assumes that searches for the other components of
the multiplet -namely 84/ ? and SZ/ >_ do not affect the S;/ component. This depends
on the mass splitting Ams ~ 0(100 GeV) and the sensitivity of these other searches.

In particular, the S;Z/ 3 Leptoquark decays with 100% into tv and thus is constrained
by stop searches in the tt + MET final state, which yield a mass limit M2/ > 1.07
3

TeV [115]. In contrast, the Sg/ > Leptoquark can be sought directly [113] or probed
by the B — L R-parity-violating stop search in Ref. [114]. The final state in this search
is the same as in Sg/ 3 pair-production except for a b-b distinction which becomes
irrelevant at the detector level. The actual lower mass limit on M4/3 depends on its

Branching Ratios. For a large Branching Ratio into bt the limit is 3~o.9 TeV, whereas
for large Branching Ratio into by the limit reaches ~1.4 TeV.

It is interesting to project the bounds on the S;/ 3 parameter space for upcoming
LHC runs. We use the following procedure to estimate the projected sensitivities for
the full Run 3 dataset (/s = 14 TeV, 300 fb~ ") of the relevant searches discussed
above. We obtain the signal cross-section at /s = 14 TeV from the NLO calculation
for squark pair production in Ref. [122]. For the direct Leptoquark search in the
tttf1t~ channel we assume that background yields scale with a common factor of
1.2 going from /s = 13 TeV to 14 TeV, and that the analysis is statistically limited
and thus background uncertainties scale accordingly with the integrated luminosity.
For the sbottom search we use a similar procedure and we obtain results consistent
with those in Ref. [127]. To project the limits from the 4-top search we rescale the
estimated backgrounds to their NLO cross section at /s = 14 TeV obtained from
MadGraph5_aMC@NLO [12], and we perform the statistical analysis based on the expected
signal and background yields.

The projected exclusion regions are shown in Fig. 4, which can be compared to the
current ones in Fig. 3. Using the full Run 3 dataset, the full Branching Ratio plane
would be excluded for masses < 0.9 TeV and a significant portion of the parameter
space can be probed for a mass of ~ 1 TeV. To better visualize the LHC reach we display
in Fig. 5 the exclusion regions under the assumption that BR(S] 3, ty) is negligible
as expected in partial compositeness. In this case we consider only the searches in
the ttt"t~ and bb + MET final states. In this scenario, the Branching Ratios are fixed
to BR(S]/3 — 11) = BR(S”3 — bv) = 0.5 and masses up to 1.2 TeV can be probed,
driven by the bb + MET search.

We proposed in Ref. [102] that a dedicated search targeting the ttbv final state,
which has the largest Branching Ratio, is relevant to probe masses somewhat higher
than 1.2 TeV. Preliminary results on this final state have been reported by the CMS
collaboration in Ref. [128], where they exclude pair produced scalar Leptoquarks of
masses < 0.95 TeV for BR(S1/3 — t1) = BR(SV3 — bv) = 0.5. In any case, explor-
ing beyond the 1-1.5 TeV mass scale for the 33/ 3 Leptoquark will require pursuing
different strategies, including considering single- and non-resonant production.
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preferred by our partial compositeness model.

2.3 DISCUSSION

In this Chapter we use the results from LHC searches to constrain the parameter
space of a model with a scalar Leptoquark S3 that transforms as (3,3)7 /3. This model
is motivated by the B-physics anomalies and encloses the S3 state and the SM Higgs
boson as pNGBs of a strongly interacting sector at higher energies. The pNGB sce-
nario allows to justify why this scalar particle would be the lightest new state in the
spectrum and thus potentially within reach at the LHC, whereas other fermionic and
vector resonances would be heavier and potentially beyond kinematic reach. We also
exploit the relationships between couplings of the Leptoquark to quarks and leptons
of different generations that arise within the framework of partial compositeness.

We study the production of a pair of Leptoquarks, pp — S3S3, since its cross section
does not depend on its couplings to leptons and quarks, and it should represent
the dominant production mechanism for a Leptoquark in the mass regime currently
probed at the LHC (up to ~ 1 TeV) for small enough couplings. The different decay
modes by each of the three S3 components result in different search strategies.

The Sﬁ/ 3 Leptoquark is the most straightforward one to probe since its three decay

channels all lead to the same final state signature, S;Z/ BS;Z/ 3 _, tf + MET. Conse-

quently, current stop searches can be effectively used to exclude 83_2/ > masses below
~1.1 GeV [115].

In contrast, pair production of the 54/ 3 Leptoquark results in final states with pairs
of opposite-charge leptons plus b-quark jets, S, e 3S+4/ 3 bebl (0,0 = e, u,7), al-
though there is a prejudice towards same- flavour dllepton final states with the lepton
being p or T. Lower mass limits for this Leptoquark come from dedicated searches
[113] and from constraints in B — L R-parity violating stop searches [114] and, depend-
ing on the assumed Branching Ratio, can range from ~0.9 GeV (mainly bTt) to ~1.4 GeV
(mainly bp).
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Finally, the S ;/ 3 Leptoquark has six decay channels, giving multiple final states that

can be probed at the LHC: S;L] / 35;] /3w ,bb + MET, and t{b + MET. Therefore,
the LHC is in principle more sensitive to probe this Leptoquark.

Since we can expect within our model a mass splitting between the components
of the Sz multiplet of up to about O(100 GeV), applying lower mass limits derived
for one component to the other components is not direct. In this Chapter we have
mainly focused on constraining the parameter space of the S;/ 3 component. Further
work within the proposed model could relate these constraints to limits in the other
components.

Within our model, the main decay channels of the S;/ 3 Leptoquark are S;/ —
tT,tp, bv. We study three complementary searches at the LHC using 36 fb~' at
V/s = 13 TeV that can constrain the corresponding Branching Ratio parameter space.
These include dedicated searches for ttt™t~ [116] and bb + MET [115, 120], which
are primarily sensitive to large BR(S;/ S t1) and BR(S;/ 3 bv), respectively. In
addition, we recast a search for SM 4-top production in multilepton final states [118],
which is sensitive to large BR(S;/ 3 tu).

We find that most of the Branching Ratio parameter space is excluded up to masses

of about ~800 GeV, and that the preferred region for our model, BR(S;/ > tr) ~

BR(S ;/ SN bv) ~ 0.5, is best probed by the bb + MET search and remains allowed for
masses above 1 TeV. We also project the sensitivity of these searches to the full LHC
Run 3 dataset (300 fb~! at /s = 14 TeV). We find that for a dominant Branching Ratio
to tt (bv) it will be possible to exclude masses up to 1.1 TeV (1.4 TeV), whereas for the
more realistic scenario of equally split Branching Ratios, as predicted by our model,
the expected limit is about 1.2 TeV. A proposed dedicated search targeting the ttbv
final state was implemented in Ref. [128].

Finally, we appraise that for mass scales well above 1-1.5 TeV, and for regions of
parameter space consistent with the B-physics anomalies, single- and non-resonant
production are expected to dominate, requiring optimized search strategies.
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AT THE LHC

In this Chapter we study a moderate excess reported by CMS in Ref. [129]. This ex-
cess is discarded based on arguments which are valid only for a broad but still specific
modelling of Leptoquark production. We view this as an opportunity to reconsider the
assumptions made when searching for Leptoquarks and check whether a departure
from these assumptions could in principle yield a signal like the one discarded. To
this goal, we implement a purely phenomenological but reasonable inter-generational
Leptoquark model where single- and non-resonant production as defined in Subsec-
tion 1.2.1 are also taken into account. This model provides the adequate features for a
non-standard signal and could be taken as a starting point towards modifying search
strategies to account for a larger set of possible models. This Chapter is based on work
done in collaboration with Ezequiel Alvarez in Ref. [130].

This Chapter is organized as follows. In Section 3.1 we detail the aforementioned
search and the characteristics of the excess that causes the collaboration to dismiss its
possible New Physics (NP) origin. In Section 3.2 we establish a purely phenomenolog-
ical Leptoquark model which avoids LHC constraints. This arbitrary model is tailored
to yield the necessary signal features to explain the moderate excess while avoiding
some of the arguments which are used to dismiss it. This is shown in Section 3.4. In
Section 3.5 we consider low-energy constraints and a how to avoid them. We discuss
deviations from our hypotheses, the npjj defect and interference effects in Section 3.6.
Finally, we summarize and propose different experimental handles to tackle future
searches in Section 3.7.

3.1 THE CMS RESULT

The CMS collaboration reported in Ref. [129] a search for second generation Lepto-
quark pair production in the ppjj and pvjj channels. Both channels require at least
two jets with pt > 50 GeV, with these two leading jets taken as coming from the decay
of two Leptoquark candidates, and at least two (exactly one) muons with pr > 53
GeV for the upjj (1vjj) channel. The two Leptoquark candidates are determined by
pairing the two leading jets with the two leading muons or the muon and p'ss. The
correct pairing is assumed to be the one that minimizes the (transverse) mass differ-
ence between the two Leptoquark candidates for the pujj (1vjj) channels. After event
selection and reconstruction, discrimination against SM backgrounds for each chan-

nel is optimized using three kinematic variables: S Wi, my, and m‘;‘jm for ppjj and

S#ij, m/,, and m; for uvjj, where mrfji“ and m; are calculated only on the paired
muons and jets. mqp (chlb) is the (transverse) invariant mass of the particles a and
b while S%de is the transverse momentum scalar sum of particles a,b,c and d, as

shown in Eq. 34:
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Magb = EaEb _ﬁa : ﬁb
ml, = \/ZP%P$(1 —cosAdqp)
sgred = ) I (34)
i=a,b,c,d

m‘:fji“ is the minimum of the two masses obtained after pairing muons and jets
in pyjj. Different cuts in these kinematic variables define different signal regions
and each optimized signal region corresponds to a Leptoquark mass hypothesis. The
Leptoquark mass hypothesis for which the cuts are optimized is varied between 200
GeV and 2000 GeV. Since each kinematic variable is a monotonically growing function
of the mass of the candidate Leptoquark (see Fig. 4 of Ref. [129]), events contained in a
given mass signal region form a subset of the events contained in a lower mass signal
regions. To define each signal region that is optimized for a Leptoquark of given mass
Mgi/3, Ref. [129] uses the variable M. It should be stressed that Mg is not a
really a mass, but a signal region optimized for a Leptoquark of mass Mgi/3 = M q.
Further details on these signal regions can be found in the CMS paper Ref. [129].

The CMS collaboration reports event yields in each signal region and there is a qual-
itative different result for the observed versus expected number of events in each final
state. In the ppjj channel, there is a deficit for the signal regions M g ~ 600 GeV — 800
GeV, with a significance in a specific bin of about 2 ~ 3 standard deviations and an
anomalous event in the high S#”jj region where no SM events are expected. The
deficit is not discussed while the anomalous event is discarded due to the two Lep-
toquark masses candidates not compatible with pair production. In the pvjj channel,
there is a reported excess in the M g ~ 900 GeV — 1100 GeV signal regions. This excess
is greater at M o = 950 GeV, where the expected background events is 16.9 1.0+ 1.7
and the measured data is 30 events [129]. Including a poissonian uncertainty for the
data and adding all uncertainties in quadrature yields a significance of 2.25 standard
deviations. Because of the correlation between each signal region M| q it is not pos-
sible at this level to perform a multi-M g analysis for the deficit or the excess. In
the CMS paper [129] it is stated that the given excess does not show a peak in the
m,; distribution, which is characteristic of Leptoquark pair production since the final
particles would come from on-shell NP particles.

In the following sections we aim to reproduce the excess in the uvjj final state
without significantly altering ppjj. This excess also needs to correspond to a mass
distribution without the resonant structure expected from pair production. We discuss
the deficit in ppjj and the anomalous event in Section 3.6.

3.2 A SIMPLE LEPTOQUARK MODEL

For simplicity, we assume that there is only one species of Leptoquark involved in
the production of the upjj and pvjj final states. If a given Leptoquark decays to pj and
also vj then its electric charge can be either 1/3 or 2/3. As we show in Section 3.4, the
former is more suited to explain the excess in the pvjj final state without providing
an excessive yield in the ppjj final state. Therefore we assume a Leptoquark with
Q=1/3.

The main objective in this Chapter is to address the results in CMS paper Ref. [129].
Just for the sake of concreteness, we work with a Leptoquark that is also involved
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in a possible solution for the B-anomalies, as for instance Sz or S [39, 45-51]. We
choose to work with the S Leptoquark with quantum numbers S; ~ (3,1); /3 defined
in Section 1.2.1. Being a SU(2) singlet, S1 does not present constraints coming from
other multiplet partners of different charge. As detailed in Subsection 1.2.1, its quark-
lepton interaction Lagrangian can be written as [35]

Loyt Qrteas; e g +yRRugis ef +y¥ RRACES; V.. (35)

Where e is the anti-symmetric tensor and y“‘ RRRR are the NP couplings constants

for left-handed, up-type right-handed and down—type right-handed quark-lepton cur-
rents respectively. Neglecting diquark interactions, this and the QCD interactions
encoded in the kinematic Lagrangian are the only relevant interactions.

Throughout this Chapter we take the following ansatz for the couplings at the TeV
scale

0 O 0
ytt = 0 y22 Y23 (36)
0 ys2 Y33

and y‘fjk = yf? =0.

Although we present this model from a phenomenological point of view in order
to perform a proof of concept on the CMS paper Ref. [129], one may observe that the
pattern of a Leptoquark coupled mainly to second and third generations at the TeV
scale can be expected in models where Leptoquarks are pseudo-Nambu Goldstone
Bosons of a strongly interacting heavy sector as in Chapter 2. For simplicity, we take
all yj; to be real and non-negative. However, they could have different signs without
affecting this analysis.

The ansatz in Eq. 36 avoids first generation constraints by forbidding Leptoquark
interactions with electrons and certain flavour constraints by forbidding right-handed
currents [35, 131]. As shown in Section 3.4, to account for the reported results in [129]
Leptoquark single- and non-resonant production have to be competitive with pair
production. For TeV scale masses, this can be achieved by assuming some components
in yyj are of O(1) [51, 119]. For simplicity we assume in the following that

Y23, Y32 < 1. (37)

Since along the text only Y2533 are non negligible, when referring to a Leptoquark
coupling to second or third generation we take it to mean that the Leptoquark is
diagonally coupled to both lepton and quark of the given generation. The case where
y32 and y»3 are non negligible is discussed in Section 3.6.
With these assumptions and the Lagrangian in Eq. 35, this particle has the following
open decay channels:
S35 ¢ w, tt, svy, bvi. (38)

and the Leptoquark width is determined by

YqiL 2 2 2
Fsis = Z Z 16TEM3 S1/3_mqi_ml—i)
qi=u,d; Lj=1;, S1/3
\/Msl/s 51/3(m2 +mL )‘f’(m%l_m%j)z
wel = (Vg™

Ya,v,l = (ytu)y (39)
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where V and U are the CKM and PMNS matrices. Assuming Vcxm =~ 1, using
the unitarity of the neutrino mixing matrix Uppns, and assuming a top quark mass
negligible compared to Mg1/3, one can derive the Branching Ratios

2
BRS™'/3 o) = Y BRSSP wsvi) = 52

222 33 (40)
BR(S™/3 s tr) = Y.BR(S'3 5bvi) = yis

2(y3,+v33)

If one is agnostic to jet flavour and assumes Y2, ~ y33, the Branching Ratios obey that

> BR(jvi) ~ 2BR(j) (41)

1

The difference between neutrinos and muons resides in that neutrinos are produced
with both second and third generation jets due to yz3 # 0 while muons are produced
only with second generation c-jets. As we state at the end of this Section, this differ-
ence between neutrinos and muons can help understand the differences between the
upjj and pvjj channels in the CMS paper Ref. [129].

To study this interplay between the two generations relevant to jv decays, it is useful
to define the parameter

Y33
T = —". 2
Va2 (42)
The Branching Ratios can then be written as
BR(S™'? —ep) = Y BRST'? = svi) = 3iam (43)
BR(S™V/3 —tr7) = Y BR(SV3—bvi) = 55t

The Branching Ratio to second and third generation are plotted as a function of r
in Fig. 6. For r < 1, the second generation is dominant while for r > 1 the third
generation dominates.
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Figure 6: Branching Ratio for the second and third generations as a function of the parameter
1 (see Eq. 42). The Branching Ratios to each specific channel is the half of the plotted
Branching Ratio to the corresponding generation.

As discussed in Sections 3.3 and 3.4, when the third generation Branching Ratio
dominates, the model can avoid tensions in purely second generation final states such
as upjj without sacrificing a larger event yield in channels sensitive to third generation
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couplings such as pvjj. This corresponds to the parameter region where y;> < ys3
which implies v > 1.

However, we also need to determine the absolute value of the couplings and the
mass. Here it is important to remember that we need not only a difference between
channels but also a non-typical kinematic distribution. For any Leptoquark model, the
smaller the Leptoquark mass Mgi/; and the couplings yi;, the more favored is pair
production whereas the larger they are, the more favored is single- and non-resonant
production [51, 119]. Since the CMS paper Ref. [129] observes that kinematic distribu-
tions in the deviation lack the characteristic mass peak expected from pair produced
on-shell Leptoquarks, it is convenient to explore a region in parameter space where
uvjj and ppjj single- and non-resonant production could hide on-shell characteristic
kinematic distributions. We find that the region determined by

Mgiz ~ O(1 TeV)
Yy22,Y33 ~ O(1)

(44)

successfully achieves the above requirements, while keeping the physics perturbative
and within the scope of current LHC analyses. We plot in Fig. 7 the size of the different
contributions to the total cross-section (with basic cuts as outlined in Ref. [129]) of both
upjj and pvjj final states as a function of the coupling y;, for fixed r and Leptoquark
mass which are justified in Section 3.3. We find that for y,, ~ 0.4 pair production
becomes sub-leading.

20 HH ‘ ‘ ‘ ‘ Hvij
14
-------- pair production ok ======== pair production
15 ===== single production 4 v ===== single production
..... — non-resonant / 10 -==-==-= non-resonant

full 24 S r full 24 A

alib™]
alib™']

Figure 7: Pair, single- and non-resonant production contributions to the final states ppjj and
1vjj as a function of yz;. Other parameters are fixed at r = 1.7 and Mg1,3 = 950
GeV. In both cases for y,, ~ 0.4 resonant pair production becomes sub-leading. Due
to the relative size of the couplings for each generation, y33/y22 =r = 1.7, the non-
resonant contribution is the dominant for pvjj, whereas single-resonant production
contribution dominates for ppjj.

Before advancing to the LHC constraints and the choice of an specific benchmark
point to test against the CMS result, we delve further into the production mechanisms
for the final states upjj and pvjj in which S'/3 has a relevant contribution. We do this
to qualitatively understand how the presented model can yield larger contributions to
wvjj than to ppjj to better agree with the results in the CMS paper Ref. [129]. There
are two relevant differences between those two final states: i) Leptoquark Branching
Ratios (relevant to pair production and decay), and ii) quark abundances in the proton
pdf (relevant to single- and non-resonant production), with only the latter difference
depending on the chosen Mg1,; and absolute value of the couplings.
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Figure 8: Representative QCD pair production mechanism diagrams for the final states a) ppjj
and b) pvjj. As r increases the pvjj final state is considerably preferred over ppijj.

Figure 9: Representative single-resonant production mechanism diagrams for the final states
a) uyjj and b) and c) pvjj. Notice how c g initial state contributes to ppjj and pvjj,
whereas b/s g initial state only contributes to pvjj.

The relevant processes for pair production of upjj and pvjj are shown in Fig. 8,
where we see that the production process depends on the QCD gauge coupling be-
tween gluons and Leptoquarks and not on the yi; couplings. The cross-section for
processes involving pair production can be approximated as

13 51,q92)) ~ olgg—S'3STV3BR(STE = Liqy)
BR(S™'/3 = 1,q3).

o(gg — ('3 = 11q1)(S

and thus the only relevant information from the couplings is their ratio r. Because of
this, the Branching Ratios alone yield the necessary difference between the upjj and
wvjj channels.

When y;, ~ ysz3 one sees from Eq. 40 that pvjj pair production is approximately
four times larger than pjj pair production. The reason is that due to neutrino mixing
Y33 # 0 opens a channel to third generation decays which enhance the cross-section.
This effect alone could explain the observed difference between channels, but, as it
is reported in [129], the absence of a peak in the distributions indicates that single-
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Figure 10: Representative non-resonant production mechanism diagrams for the final states a)
ppjj and b) and c) pvjj. As in single-resonant production, notice that c g initial state
contributes to pupjj and pvjj, whereas b/s g initial state only contributes to pvjj.

and non-resonant production should also be taken into account. In pair production
all final states come from on-shell particles, whereas this is not valid for single- and
non-resonant production. In these channels an argument relying exclusively on the
Branching Ratios no longer applies and one should consider different arguments.

In contrast to pair production which is produced from a gg initial state, single- and
non-resonant productions require quarks in the initial state. This generates a new
imbalance that favors pvjj over ppjj. In Figs. 9 and 10 we show some representative
Feynman diagrams for the single- and non-resonant production mechanisms. We can
see in those Figures how there is a difference between the partonic processes relevant
in each channel. We refer in the following paragraphs to partonic processes with
disregard to whether the quarks and leptons involved are particles or antiparticles, a
distinction which does not matter to our argument since we are not considering first
generation quarks. There is an imbalance when comparing

$g — wvjj VS. cg — UKjj (45)

because the pdf abundance of the s-quark is larger than the c-quark. Moreover, when
analyzing the analogous diagrams but at the third generation level in a 5-flavour
scheme the process

bg — wvjj (46)

does not have its counterpart which would require top-quark in the proton PDE. This
imbalance between up-type and down-type quarks enhances pvjj over ppjj.

There are also other sources of imbalance between the ppjj and pvjj channels. In
single- and non-resonant production, the initial state c g contributes to the final state
uvjj channel whereas the s/b g initial state does not have it corresponding diagram
contributing to the final state upjj. This is exemplified by the single-resonant repre-
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sentative Feynman diagrams in Fig. 9. This effect is not due to quark abundances in
the proton but to the definition of the channels.

The above paragraphs indicate how one can expect a larger deviation in pvjj than
in ppjj for many production processes. This difference increases even more if v =
Y33/yY22 increases. For pair production because the difference between third and sec-
ond generation Branching Ratios grows. And for single- and non-resonant production
because b-associated diagrams have a larger coupling constant.

3.3 LHC CONSTRAINTS

Although, the region in parameter space defined in Eq. 44 yields single-, non-
resonant and pair production within the same order of magnitude, the main direct
bounds set by the LHC data come from pair production searches. In the following
paragraphs we obtain the constraints coming from this kind of searches. However, one
should be cautious in the limit setting procedure as the competitiveness of single- and
non-resonant production would affect signal and background control regions needed
to set the limits. Since we are considering a region in parameter space where single
and non-resonant dominates over resonant pair production, we expect that NP affects
more the background estimation than the signal counting. Therefore, assuming only
on-shell pair production NP in a scenario where single- and non-resonant mechanisms
may not be negligible would yield stronger limits than what they actually are, since
backgrounds estimated through data-driven techniques would be under-estimated.
Work in the direction of considering non-resonant effects in existing searches can be
found in Ref. [132, 133].

The potentially problematic channels can be seen from Eq. 38 with the relevant
Branching Ratios for S~'/3 detailed in Eq. 43. They are the tt—, b + MET, s + MET
and cp™ channels. We investigate these four channels bearing in mind that the results
on the latter are the ones reconsidered in this Chapter.

As the searches focus on pair production, they assume a Branching Ratio scheme
to set an upper bound on the cross-section. tt— and b + MET are recasted from third
generation Leptoquark searches in the ttt 1~ final state [116] and the supersymmet-
ric search of sbottom pair production through the bb + MET final state [115, 120] for
the case of zero neutralino mass, respectively. Limits on s + MET final state are ob-
tained from recasting the squark pair production search designed for first and second
generation in final state jj + MET [134]. To recast the limits found in these searches,
we match the measured cross-section and the assumed Branching Ratio to the point
in parameter space of our model. cu™ is recasted from second generation Leptoquark
searches [129, 135] which assume a BR(S™'/3 — cu ™) of either 1 or 1/2. Due to the
chosen chiral couplings, S'/3 has a maximum Branching Ratio of 1/2 to any decay
channel. This weakens the limits set on Mg:,3 for third generation searches as the
maximum cross-section allowed can increase by a factor of at most 4.

If we parametrize the Branching Ratios with r, as in Egs. 42 and 43, we can recast the
limits set by each search to a limit on Mg1,3 for each r as can be seen in Fig. 11. As the
third generation Branching Ratios increase with 1, third generation searches set upper
bounds on the allowed r. On the other hand, second generation Branching Ratios
decrease with T and second generation searches set a lower bound on r for each Mg13.
Observe that since any Branching Ratio is bounded by 1/2, then all Leptoquark masses
whose cross-section is less than four times the limit set by the searches are allowed for
any value of 1.
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Figure 11: Excluded regions in the M¢1/3 vs. 1 plane. The dashed line represents the limits
from CMS paper Ref. [129] assuming no NP effects. The ppjj ATLAS limit is re-
casted from Ref. [135], the tttT limits is recasted from Ref. [116], the bb + MET
limit is recasted from Ref. [115], and the ss + MET limits is recasted from Ref. [134].

Fig. 11 summarizes the above described analysis recasted as limits on the allowed
values of r for each possible Mgi,3. We also indicate a benchmark point defined in
the following paragraphs. As expected from the previous discussion, for Mg:,3 large
enough r is no longer bounded.

3.3.1 Benchmark point

Following the excluded regions in Fig. 11 and motivated by the roughly two stan-
dard deviation excess in the CMS paper Ref. [129], we consider the benchmark point
defined by

yszz = 1.2
Yy = 07 (47)
MS1/3 = 950 GeV,

and is indicated in Fig. 11.

The benchmark point yields a width of I' ~ 7.5% of the mass, with Branching Ratios
within the constraints on pair production from Refs. [115, 120], BR(S™/3 = tt) =
0.37 and BR(S™'/3 — cpu™) = 0.13. It should be noted that a large y33 allows the
third generation to act as an escape valve against constraints from second generation
Leptoquark searches and to populate the pvjj final state.

It is worth noting that this benchmark point, having large couplings to enhance
non-resonant production, is likely to yield potential problems in flavour physics [35,
46-51, 136] which should be addressed in detail. With this purpose, we perform in
Section 3.5 an overview of the major flavour constraints on this kind of proposals. In
particular, we find that adding heavier Leptoquarks to the model provides a possible
solution to tensions in different low-energy observables. Another possibility is to
reduce the couplings absolute value while keeping their ratio. This still provides
an excess in pvjj over pupjj, but at the price of loosing non-resonant features in the
kinematic distributions.
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3.4 BACK TO THE CMS RESULT

In previous sections we have defined our model and a region in its parameter space
which we have argued to favor an excess in the final state pnvjj over upjj. We have
justified that this region in parameter space would also hide a peak in kinematic
distributions because of single- and non-resonant processes involved in the production
of the mentioned final states. Along this section we probe this model through a given
benchmark point, Eq. 47, and test the validity of the reasoning. We first describe our
simulations and then present the results, which compare our simulations with the
CMS available results as reported in Section 3.1.

3.4.1 Simulation

To reproduce an excess in one channel without getting in tension with the other,
and to show that single- and non-resonant production wash out the peak in the m,,;
distribution, we focus on a qualitative analysis at the parton level for the benchmark
point detailed in Eq. 47.

We have implemented our model using Feynrules [14] and loaded it into
MadGraph5_aMC@NLO [12]. We have simulated pp — uujj and pp — wvjj including S'/3
non-resonant, single-resonant and pair production at /s = 13 TeV. The signal events
have been generated at Leading Order matrix element and with the MSTW2008 PDF
set [137], setting the renormalization and factorization scales to Mg1,3 [138, 139] with
the same cuts as in the CMS paper Ref. [129]. After generation, expected events in each
signal region are obtained assuming an efficiency of 30%. This estimation comes from
the reported acceptance times efficiencies in the CMS paper Ref. [129], taking into
account that detector acceptances for pair production are close to unity. Regarding
NLO QCD effects we have considered the available UFO model in Ref. [119]. However,
at the current level of development this model sets a maximum of one NP vertex
for NLO processes and therefore it cannot generate several of the required relevant
diagrams. Despite this, we have been able to compute pair production and qg — S'/3¢
NLO corrections, reproducing the results of Ref. [119] which yield K ~ 1.56 for pair-
production and K ~ 1.38/1.3/1.65 for b/c/sg — S1/3j¢, respectively. Therefore, and
taking the approximate agreement of these K-factors into account, we estimate an
overall K-factor of K = 1.5 that includes non-resonant effects.

Simulations were computed in a 5-flavour scheme. However, we also performed
the simulation in a 4-flavour scheme and verified that results remain qualitatively un-
changed. Since we simulate up to parton level we do not need to perform a matching
procedure to avoid double counting.

A more sophisticated study should include NLO generation, showering, hadroniza-
tion and detector simulation. The wanted features of the model are already present
at the qualitative level and are maintained as long as r ~ 1 —3, the yz2 ~ y33 ~ O(1)
and Mgi,3 = 1 TeV. Therefore, a reasonable modification in the efficiencies could be
compensated by modifying the yi; coefficients and/or the mass within the aforemen-
tioned values and the results presented in Subsection 3.4.2 would hold. In particular,
the region around the benchmark point in Fig. 11 allows for considerable more en-
hancement of pnvjj over ppjj. To verify the above, we have also considered efficiencies
ranging from 0.1 to 0.4, including cases with larger values for the upjj final state, and
we have been able to qualitatively reproduce the same results as with the benchmark
point by varying only y2, and y33 from 0.5 to 2.0. In any case, should the studied ex-
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cess become more significant it would be essential to do a more sophisticated analysis
including full signal region correlations.

3.4.2 CMS Analysis

With the simulated samples one can study the difference between considering only
pair production and taking into account both single- and non-resonant behavior. This
difference is made clear in the kinematic distributions, such as the m[[;m (my;) for
the ppjj (nvjj) final state, as can be seen in Fig. 12. It is seen in both final states
that the pair production peak is washed-out by the single- and non-resonant effects.
The single- and non-resonant Feynman diagrams discussed in Section 3.2 provide the
kinematics to yield events with mﬂ‘jm and m,; considerably different to the mass of
the Leptoquark involved in the process.
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Figure 12: m,,; kinematic distribution at the a) pujj and b) pvjj final states for NP-only di-
agrams. The red (dashed) line corresponds to pair production diagrams only,
whereas the blue (dotted) line includes in addition single- and non-resonant pro-
duction.

In this benchmark point, the event yield in each signal region for each final state
upjj and pvjj can be compared to data reported in [129]. Because of the qualitative
discussion in Section 3.2 we expect NP to provide a larger contribution to the pvjj
than to the puyjj final state.

The SM backgrounds have been taken to be those reported in Ref. [129] and they
have been combined with our simulated samples in order to have a comparison as seen
in Fig. 13. The top row in the figure shows both channels separated while the bottom
row compares both channels together, both in absolute value and in its deviation for
their respective SM background. As it can be seen, the pvjj final state has both a larger
absolute NP event yield, Fig. 13¢c, and a larger relative deviation from background than
Hujj, Fig. 13d.

The largest deviation in the pvjj final state reported in [129], located at the Mg =
950 GeV bin, is reduced from 2.250 to 0.750 in this NP benchmark point.

Therefore, in addition to the wash-out of the peak in the kinematic distributions, this
shows quantitatively that the NP model can provide an explanation of the moderate
excess in the uvjj final state while keeping without considerable change the events in
the pnyjj final state.
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Figure 13: Top row: Comparison between data, SM and SM+NP events for a) ppjj and b) pvjj
final states. Bottom row: Comparison between upjj and pvjj NP event yields in a)
absolute value b) relative deviation from SM

3.5 FLAVOR CONSTRAINTS

Along this Section we examine constraints coming from low-energy flavour physics
that could enter into conflict with the large couplings required in the model presented
so far. Indeed, such large couplings of O(1) would be ruled out by flavour constraints.
This could be avoided if other heavier particles are added to the model to cancel low-
energy bounds while slightly affecting collider observables. As a matter of fact, since
the low-energy contributions are in general inversely proportional to the squared mass
whereas contributions to collider physics observables have an exponential suppression
in the mass due to the energy availability in the pdfs, this kind of cancellation is in
general possible.

Since at this stage a new particle would be added ad-hoc to cancel the low-energy
constraints, and in order to emphasize that we are presenting merely a proof of con-
cept for the second generation Leptoquark searches, we explicitly present this alter-
ation of the original model only in this Section. We aim to show that there exists a
relatively vast region of parameter space that allows us to have the required cancella-
tions at low-energy while still showing the non-resonant observed excess in pvijj.

We take as a departure point the model presented in Section 3.2. The running of
the couplings from the TeV scale to the low-energy due to the renormalization group
equations can be computed as in Ref. [140-142]. However, we expect it to be a small
contribution and hence we assume it is sub-leading as is usually done [141, 142]. In
any case, in the following paragraphs we show that the cancellations that take place
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due to adding a new particle leave a freedom of choice that could cancel this kind of
contributions as well.

The most severe constraint to the model from low-energy observables comes from
the sensitive decay B — K(*)vv [46, 48] which was constrained to be [143]

BR(B — K*)vv)

b BR(B — K(*)vv)SM
Rvv < 3.9
RY, < 27 (48)

at 90% confidence level. The relevant Leptoquark effects can be parametrized as

Y 185CEM +8C 12

CtM = —6.38(6)
.. 7T\)2 y3y*
5Cy = =2, (49)

*
Z(Xemvtbvts MS1/3

where the sum is over the neutrinos flavour. Considering our ansatz and the central
values reported in Ref. [144] for every quantity, Eq. 48 yields

ly33Y3,| 1\?
==L <0045 =— | .

where we used the central value for Vis coming from indirect measurements assuming
CKM unitarity [144]. However, for the sake of completeness, we also show in the
following analysis the limits coming from direct bounds on Vi due to measurements
of b-jet fractions in t — Wj which is Vs < 0.21 at 95% C.L. [145, 146]; and does not
assume CKM unitarity.

Since our original model ansatz in Section 3.2 would in general not satisfy bounds
in Eq. 50, we add a second heavier S/] with the same ansatz but different couplings
9/22,3 3 and all others yi’j = 0. This converts the bounds in Eq. 50 into

* / ! 2
Y33Yyr |, Y33Y22 1
| + | < 0.045 <> . (51)
Mém Mgzm TeV

We show below how a correct relative sign assignment to the couplings allows us
to obtain a cancellation to the flavour contribution and satisfy Eq. 51 while having
non-resonant effects at the collider observables ppjj and pvjj.

Regarding other flavour constraints in this new model with a second heavier Lep-
toquark, charged currents b — cfv effects must be considered. LFU tests give hints
on Leptoquarks that couple to t-leptons while constraining couplings to e, u leptons.
The chosen ansatz does not produce scalar and tensor operators in the effective the-
ory due to the absence of right-handed couplings and so the Leptoquark contribution
only rescales the SMEFT [35, 46, 48, 50]. For B — D g*)(’,v, the Leptoquark leading
contribution is proportional to

* v *
Y3e(yze + Tczyze) (52)
C
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It is easy to see that this vanishes for { = e, u but not for T. Considering Rp+, the
Leptoquark effects at leading order are

RRSD?\A = IESDM =1.237+0.053 = 1+ 2gy,
v 2 ’2
v - ()
Therefore Rp- implies
eV 2 CoTev )’
2.466 < (|y33|MS > +<Iy33|M;”3> < 3.096 (54)

at the To level.
Charged current effects are also seen in meson decays such as B, — {v and Dy —

{v [35, 50]. The only relevant decays in the benchmark point (due to y ;/3? =y gz) =0)

at leading order in v/ M(S? /3 are

2
GF fz Mz 2 My

r v - ] 2 /
B.—T 87t B ( sz ) mZBC Cb| ( 2M§1/3 |U33| ZMSZ]/3 |933| )
G2 mZ  m? V2 ,
I — FfZ 1— PL Eove 21+ 2, / 2
Ds—uv 87 ( DS ) szs | cs| ( 2M§]/3 ‘y22| ZMSZV3 ‘y22| )

Constraints from these decays require form factors computed by lattice QCD [144].
These expressions show that Leptoquark effect in these decays produce a rescaling
of Vcp and V¢s. Assuming that this scaling could be detected within the measured
uncertainty in the CKM elements, the more relevant constraint would come from Vs,
which is measured with a percent-level precision [144]. Therefore,

2
Ves| = [Vesl(1+ y22l? + ——ly5, ) (55)
cs cs 4M§1/3 4M52]/3
implies
TeV \? TeV
(lyzzl > <|922|M ) <113 (56)
S S1/3

at the To level.

Having expressed quantitatively the constraints coming from low-energy precision
physics, we proceed to find possible solutions that provide non-resonant effects in
collider observables while avoiding these flavour constraints. In order to explicitly
construct a model, we choose a new benchmark point BP" where one Leptoquark has
mass Mgi1/3 = 950 GeV and the second Leptoquark has mass M;,; = 1500 GeV. The
only non-zero couplings are (y22, yz3) = (0.7, 1.2) and (y5,, y33) = (0.7, 3), which
yields an exact cancellation in Eq. 51 while still having couplings below the pertur-
bative limit. Performing the same simulation as in Section 3.4, we obtain the results
shown in Fig. 14. From this Figure we see that this model with two Leptoquarks
again reproduces the sought phenomenology regarding the CMS paper Ref. [129]. As
a matter of fact, the presence of the heavy Leptoquark is hardly seen in the collider
phenomenology. The excess in the Mg = 950 GeV bin in pvjj is reduced in this case
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Figure 14: Collider phenomenology of two S; in the benchmark point (Mg1/3, Y22, y33) =
(950 GeV, 0.7, 1.2) and (Mgvsr Y%, Us3) = (1500 GeV, 0.7, 3). This model avoids
the discussed flavour constraints, retaining certain freedom in the parameters of the
heavier Leptoquark as shown in Figs. 15 and 16.

from 2.25 to 0.65 standard deviations, in contrast to 0.750 for the case of only one
Leptoquark.

Since the main collider phenomenology is produced by the 950 GeV Leptoquark,
we can examine up to which extent the parameters of the heavier Leptoquark are
determined by the flavour constraints. In Fig. 15 we study the parameter space for the
heavier Leptoquark that satisfies the K(*)vv constraint. In Fig. 16 we do the same for
constraints coming from R]Sk ) and Vi ;.

Summarizing, we have verified that it is possible to have non-resonant effects in upjj
and pvjj, with an excess in the latter, while avoiding the discussed flavour constraints.
Of course our model has too many arbitrary features, but it could be useful to study
up to what extent these features could be obtained from a more complete theory.

3.6 DISCUSSION

The results obtained in Section 3.4 reflect the differences qualitatively discussed
in Section 3.1 between the two channels studied in second generation Leptoquark
searches when the proposed NP has a multigeneration non-resonant phenomenology.

The chosen benchmark point includes the simplistic assumptions made in Sec-
tion 3.2. If one seeks a flavour hierarchical model, this may require non negligi-
ble y3; and y23. If Vckm =~ 1, y23 opens the ct channel while yz, opens the tu
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using the central value for Vi assuming CKM unitarity, whereas the dashed lines
correspond to the direct limit on Vi as detailed in text.
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Figure 16: Left:

Allowed region in parameter space of the heavier Leptoquark where
the Rl(j* ) constraint detailed in Eq. 54 is satisfied for Mé1 ;3 = 1.5 TeV and
(Mg1/3, Y22, Y33) = (950 GeV, 0.7, 1.2). Right: idem for constraints coming from
Vcs precision, detailed in Eq. 56. The solid and dashed lines represent the 1o and
20 levels, respectively. In both cases the mark corresponds to the selected bench-
mark point.

channel. This enlarges the Leptoquark width, diminishing BR(ji) while maintaining
> i BR(jvi) = 1/2 because of the neutrino mixing matrix. As the final states do not
target top quarks nor tau leptons, this increases even more the difference between pjj

and pvijj final states in pair production. Single- and non-resonant production remains
relatively unchanged if one does not alter the values of y,, and y33.
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In Section 3.2 we decided to work with the Q = 1/3 Leptoquark, although alsoa Q =
2/3 Leptoquark could yield the same final states. The reason for this decision is clear
after the discussion in Section 3.2. A Leptoquark with charge Q = 2/3 would require
more up-type instead of down-type quarks in the initial state to enhance the pvjj
final state, since this Leptoquark connects the neutrinos with Q = 2/3 quarks. This is
unfeasible as we neglect first generation couplings. Even more, the third generation
decay would be to b instead of vb. In this case, acceptance analyses should be
performed after the T decay to investigate in which specific cases one could obtain
an enhancement of pvjj over upjj. Therefore, the reasonable decision is to assume a
Leptoquark with electric charge Q = 1/3 in which case all the wanted features come
out naturally.

Along this Chapter we have focused on the excess reported by the CMS paper
Ref. [129] in the pvjj final state. However, the same paper reports a deficit in the pujj
final state at lower signal regions Mg ~ 600 GeV ~ 800 GeV. If one tries to give
a NP interpretation of this deficit, single- and non-resonant Leptoquark production
are convenient because they can interfere with the SM. This interference is larger for
smaller values in M . By computing the interference between NP and the SM main
background, Z+jets, with MadGraph5_aMC@NLO [12] we have found that in the bench-
mark point detailed in Eq. 47 the interference is always destructive in upjj. However,
the strength of this interference is too small to account for the deviation. As we added
a second Leptoquark to avoid flavour constraints, we have also investigated if another
Leptoquark of mass ~ 600 GeV could be producing such an effect. We find in general
that the interference in the upjj final state is destructive, but is not possible to reach
the observed strength in the data while keeping the model from being ruled out by
other direct Leptoquark searches. It is interesting to notice that, on the other hand,
the pvjj final state interferes with the SM background W+jets, but its sign can be ad-
justed by the relative sign between the PMNS component U;; and the CKM matrix.
As a curiosity, if one compares S;/ > and Sl/ > as separate candidates with the same
coupling constants, the interference in uvjj is of opposite sign. Thus, pnvjj production
could provide a handle to distinguish between different Leptoquark species.

As for the anomalous event reported in the ppjj final state, we have not performed
an exhaustive analysis as this information was added to the CMS paper Ref. [129] after
we submitted Ref. [130]. However, we would like to discuss single- and non-resonant
effects on Sk W1 As seen in Fig.17, single- and non-resonant production yield smaller
S"J values than pair production. This can be understood when thinking of $#* as
a measure of the activity of the event, and as such centered around 2Mg,; for pair
production and Mg, for single-resonant production. To obtain an event where the
selected two pj pairs have a different invariant mass, which would be characteristic
of single- and non-resonant production, it would need to originate from a heavier S;
than the one needed to accommodate the excess in pvjj. Even more, to yield an event
with Sk M1 > 3000GeV, the Leptoquark would need to be even heavier than the S
introduced in Section 3.5. However, collider effects for such a heavy Leptoquark are
so suppressed than an observed event would be extremely rare. In light of this, adding
single- and non-resonant production alone does not seem to be able to accommodate
such a large S$ Wi However, this argument highlights the fact that because the cuts
on St for each My g are optimized for pair production, they leave out many single-
and non-resonant events which would appear in lower M g signal regions as events

(min) Jifferent from Mqgiys.

with a m;
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Figure 17: S#”jj kinematic distribution for NP-only diagrams. The red (dashed) line corre-
sponds to pair production diagrams only, whereas the blue (dotted) line includes
in addition single- and non-resonant production.

3.7 CONCLUSIONS

Along this Chapter we have considered non-resonant, single-resonant and pair pro-
duction effects from a Leptoquark with diagonal couplings to second and third gen-
eration in the final states ppjj and pvjj. We have shown that a non-resonant excess
in the pvjj final state and a fainter excess in the pujj final state is a pattern of this
NP if the couplings are large enough and couple more to the third than to the second
generation.

We have presented a simple Leptoquark model with O(1) couplings to second and
third generation and a mass of O(1 TeV). On one hand, the strength of these couplings
assures that single- and non-resonant effect are important and any kinematic resonant
effect in the final states is spread out. On the other hand, a larger coupling to third
generation favors the pvjj final state because of two reasons. First, as long as there is
no b-jet veto, since the v is not flavour-tagged, a produced Leptoquark can decay to jv
where j can be a b. Second, single- and non-resonant production requires quarks in
the initial state, and there is a larger abundance of the down-type quarks that produce
the pvjj final state than their same generation up-type quarks, whose corresponding
diagrams would yield ppjj; with puvjj having also gc initial states. We have performed
a simple simulation including the NP indicated by this model and compared our re-
sults to the CMS paper Ref. [129], where a non-resonant excess in the pvjj has been
reported. We have found that this simple Leptoquark model can easily accommodate
the data better than SM alone and provide the features previously described. In partic-
ular, if we take the bin reported as the largest excess in uvjj in CMS paper Ref. [129],
then our model reduces the significance from 2.250 to 0.750 while the upjj final state
is barely affected.

This Chapter indicates that an excess of this kind, if produced by NP, would not
be properly distinguished by current second generation Leptoquark searches at the
LHC. The analysis in this Chapter points out that to observe a NP signal of this kind,
experiments should test the effect of b-tagging the jets. In that case the pvjj sample
will enhance its excess for the b-tagged events, whereas the excess should diminish in
the b-tag veto sample. Moreover, if the statistic is large enough then pairing the b-jet
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with the v and the light-jet with the p in the uvjj sample could enhance a possible
peak depending on the absolute value of the couplings. In addition to all of this, this
analysis highlights the fact that uvjj has a different phenomenology than pujj and it
should always be included as a final state on second generation Leptoquark searches.

We have also discussed general features of the NP model. We find that the parame-
ter space of the model has room for variations and still reproduce the same qualitative
results. We have found that the large couplings required to yield non-resonant effects
would enter into conflict with low-energy observables. We have shown how adding
a new heavier Leptoquark could avoid low-energy flavour problems, and present the
details of a model where this is accomplished. We also discussed another feature of
the CMS paper Ref. [129] that consists of a deficit in the ppjj final state with respect
to the SM expected background in the signal regions Mg ~ 600 GeV ~ 800 GeV. We
show that SM and NP interference has negative sign in this final state. However we
cannot fulfill the observed deficit within this simple Leptoquark model while keeping
the model from being ruled out by other direct searches. It would be interesting to
further investigate these or others Leptoquark models to also accommodate the deficit
in ppjj.

Summarizing, we have shown that current second generation Leptoquark searches
in the uyjj and pvjj final states are also sensitive to diagonal couplings to third gen-
eration as long as a b-jet veto is not applied. We have presented a simple model that
reproduces an excess recently found in CMS and that was disregarded because only
second generation couplings were taken into account. The results presented in this
Chapter suggest that Leptoquark searches at the LHC should take into account single-
and non-resonant effects and multigenerational couplings.
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Z’ HIDING IN TTH AND 4-TOP

In this Chapter we propose a purely phenomenological BSM model where a Z’ spin
1 boson with mass below 1 TeV is responsible for reported discrepancies in same sign
dilepton and multilepton final states with high b-jet multiplicity. We choose this model
with a particular coupling structure that is able to provide both charge asymmetry and
high b-jet multiplicity. These two features are the key ingredients to accommodate the
different experimental signatures. We also study how such a model would appear in
a global search and propose a new kinematical variable to improve the sensitivity.

This Chapter is organized as follows. We set the stage by detailing the aforemen-
tioned discrepancies in same sign dilepton and multilepton final states with high b-jet
multiplicity in Section 4.1. We present our phenomenological model aimed to explain
these discrepancies in Section 4.2. We then study its experimental imprints in Sec-
tion 4.3, including estimating the region of parameter space that best fits the ttH and
4-top ATLAS data, and possible constraints from other observables on this parameter
space. In Section 4.4 we propose a global search strategy to discriminate signal from
background. Finally, we present our conclusions in Section 4.5.

The basis of this Chapter consists of work done in collaboration with Ezequiel Al-
varez, Aurelio Juste and Tamara Vazquez Schroeder which resulted in Ref. [147]. I
took part of every part of the work involved except on the likelihood fits to the ttH
experimental data and the expected significance and exclusion limits calculations of
the Z’ using an Asimov dataset [148], all of which were performed with the help of
the HistFitter package [124].

4.1 RECENT DISCREPANCIES IN ttW®, ttH AND 4-TOP SEARCHES

As detailed in Subsection 1.1.1, same sign dilepton and multilepton final states with
high b-jet multiplicity are a very interesting final state to explore rare SM processes
because they present a good balance between low SM backgrounds and high signal
yields. By targeting these final states, the LHC program has made impressive progress
in the measurement of the cross-sections of ttW=[149, 150], ttH [151, 152] and 4-top
(tttt) [25, 26] production. Intriguingly, there has been a persistent discrepancy in
the ttW?* normalization, as the observed yields are consistently larger than those
expected from state-of-art theoretical predictions. This discrepancy has been found
both in dedicated ttW® cross-section measurements [149, 150], and in several searches
that consider the ttW= process as a background [25, 26, 151, 152], as summarised in
Table 3. We see that the ATLAS and CMS ttH measurements [151, 152] analyse a
larger dataset than the ttW® cross-section measurements [149, 150]. If we consider
the same reference cross-section for all searches, using for example the reported cross-
section of Ref. [153], we see that the ttH measurements show a larger tension than the
ttW* measurements. Because of this two facts, we focus on the ttH searches. Despite
having similar strategies to suppress non-prompt lepton background, there are several
differences in the ttH analysis approach between ATLAS and CMS, such as different
fake estimation techniques (simultaneous profile likelihood template fit in ATLAS
vs misidentification probability method in CMS) and different analysis strategies (jet
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multiplicity, total lepton charge, and Boosted Decision Trees (BDT) categorisation in
ATLAS vs Deep Neural Networks in CMS). A summary of the event selection used in
the ATLAS and CMS ttH analyses can be found in Table 4. We consider only the two
same sign dilepton and trilepton channels where hadronically decaying s are vetoed.

We choose the ATLAS ttH measurement for the re-interpretation in this Chapter
since it provides complete information on the multilepton discrepancies observed as
a function of the total lepton charge and the b-jet multiplicity of the event. A recent
CMS search for new physics within the effective field theory (EFT) framework [154]
using 41.5 b~ of integrated luminosity exploits a similar categorisation. However,
since there is no information on the two same sign dilepton selection with exactly 1
b-jet and given the lower data statistics, we do not include the CMS EFT results in this
Chapter.

In addition, a 4-top search by the ATLAS Collaboration in the same final states has
measured a 4-top cross-section a factor of two higher than the SM prediction [25].
A summary of the signal region event selection used in the ATLAS and CMS 4-top
analyses can be found in Table 5.

It should be pointed out that these measurements are individually consistent with
the SM and thus the observed discrepancies could be merely the result of statistical
fluctuations, and/or unaccounted experimental or theoretical uncertainties. However,
when combined, they paint an interesting picture that is worth exploring, as it may
open the door to new exciting discoveries.

Search L b~ | o [pb] m HyR,
ttW* ATLAS [149] | 36.1 0.60 + 0.07 144 +£0.32 1.44+0.32
ttW= CMS [150] 35.9 0.628 £ 0.082 1231939 1.29793)
ttH ATLAS [151] 80 0.727 £0.092 1397917 1.687944
ttH CMS [152] 137 0.650 143 +£0.21 1.55+0.23
4-top ATLAS [25] 139 0.601 1.6+0.3 1.6+0.3
4-top CMS [26] 137 0.610 1.3+0.2 1.3£0.2

Table 3: This table lists the ttW® reference cross-sections and the corresponding signal
strengths for different searches. The last column is the signal strength corresponding
to the reference cross-section listed in Ref. [153], 600.8 fb. The reference cross-section
was not listed in Ref. [26] and so it was taken from Ref. [155].

4.2 THE MODEL

We aim to construct a model that can account for several slight excesses in same
sign dilepton and multilepton plus b-jets final states at the LHC. More precisely, we
require the model to be capable of producing more positive than negative leptons to
better fit the imbalance suggested by the results in Ref. [151]. We motivate the model
from a phenomenological point of view and then examine its theoretical strengths.

Since the excess reported in Ref. [151] is charge imbalanced, with a larger excess
in the channels with positive total leptonic charge than in the channels with negative
total leptonic charge, the model needs to capture the excess in positive charge present
in the colliding protons. Thus the BSM should couple to u quarks while being safe
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Imossr —mz| (3L) [GeV]

ttH ATLAS CMS
2LSS 3L 2L.SS 3L

Total lepton charge +2 +1 +2 +1

Lepton pt [GeV] 20/20 | 15/15/10 25/15 | 25/15/10

Number of jets >2 >3 >2

Number of b-jets > 1 (70% eff.) > 1(70% eff.) /

> 2 (84% eff.)

|myge| (2LLSS) or > 12

Imosskl (3L) [GeV]

[Mexeox —myz| (2LSS) or - > 10

Other

\mgu — mz\ > 10 GeV

Missing transverse

momentum cuts

Table 4: Comparison of event selections between the ATLAS [151] and CMS [152] ttH analyses.

4-top ATLAS CMS
2SS > 3L 2SS > 3L
Total lepton charge +2 - +2 -
Lepton pt [GeV] 28 (all ¢) 25/20 25/20/20(/20)
Number of jets > 6 > 6] > 2bj / > 5] > 2bj /
and b-jets > 2bj (77% eft.) | 5j = 3bj 4j > 3bj
(55-70% eff.) (55-70% eff.)
Ht [GeV] > 500 > 300
|Mexe=| (2LSS) or > 15 - > 12
Imossel 3L) [GeV]
[Mete+ —myz| (2LSS) or > 10 - > 15
Imossr —mz| (3L) [GeV]
Other - Missing transverse
momentum cuts

Table 5: Comparison of event selections between the ATLAS [25] and CMS [26] 4-top analyses.
Hr is the scalar pt sum of jets, leptons and b-jets.

to low-energy physics observables. Should the new particle coupling to u quarks be
charged then it should also couple to bottom quarks (a W’ boson) or to leptons (a
Leptoquark). If the new particle were a W/, then it is difficult to obtain a multilepton
final state with leptonic charge asymmetry and high b-jet multiplicity without includ-
ing large first generation g, 4 couplings. Were the new particle a Leptoquark then,
being charged under SU(3)c, the bounds on its mass from pair production would
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make it more difficult to reproduce the observed excesses. We are then left with neu-
tral particles coupling to up-type quarks (u, c and t) and with non-negligible Flavour
Changing Neutral Currents (FCNC) to account for the deviations. Among the three
usual spins 0, T or 2, we find suitable to study spin 1 since, if colour neutral, its gluon
fusion production is protected through the Landau-Yang theorem [156-158], which
also guarantees that the restrictive bounds in di-photon do not apply [159-163]. Ex-
amples of studies of a FCNC spin o scalar boson phenomenology at the LHC can be
seen in Refs. [164, 165].

We consider a FCNC Z’, a colour neutral spin 1 particle of the kind detailed in Sub-
section 1.2.2. There, we wrote its most general interaction Lagrangian with couplings
restricted to up-type quarks [5]:

Line 2Z, | Y wy™(ghPL+gfPrly; | - (57)

i,j=u,t,c

We refer to it as a FCNC Z’ due to its with non-diagonal couplings. We are omitting
the necessary kinetic Lagrangian and we neglect any possible Z-Z’ mixing because of
the restrictive bounds imposed by LEP [61].

Lint 2 Z}, (gut TrRY"ug + get TRy cr + gee trYHtr) + hec, (58)

where we have dropped the R supra-index to the couplings to simplify notation.

Effective theories similar to the one described by the interaction in Eq. 58 have been
studied in different contexts, as for instance in Refs. [28, 64, 166-168]. In particular,
a very similar set-up has been implemented in Ref. [169], albeit in a different mass
range and assuming a hidden sector that increases the width-to-mass ratio, and in
Ref. [170] where a similar model was implemented to study the forward-backward tt
asymmetry at the Tevatron.

4.2.1  Phenomenology

To account for the observed data (see Subsection 4.3.1 for more details), we need to
produce same electric charge dilepton (denoted 2LSS, with SS standing for same sign)
and multilepton (at least three leptons, denoted 3L) final states with charge asymmetry
and high b-jet multiplicity. To accomplish this, we consider two relevant Z’-induced
processes, tZ’ +tZ’ (denoted tZ’ in the following) and ttZ’, with a hierarchy between
the relevant couplings to enforce a high probability of three- and four-top-quarks final
states. We show two representative examples of the relevant Feynman diagrams in
Fig. 18, and the relevant cross-sections and Branching Ratios in Fig. 19 as a function of
Mz for a given set of couplings. The cross-sections for a different set of couplings can
be obtained by simple re-scaling. The Branching Ratios for a different set of couplings
can be obtained by using I'(Z’ — t11)/(gut)? = N(Z’ — t€)/(gct)? and re-scaling.

Other processes that could be tested in these channels (see Subsection 4.3.2) are
either numerically irrelevant such as same sign top-quark pair production (tt, tt)
[169], or chirality suppressed such as radiative Z’ production (tZ'j, tZ'j) [169, 171].
Note that these results can be fairly specific to our model, see e.g. Ref. [172] for a
different Z' model where cg — tZ’ is the main production channel. In particular, non-
resonant effects are suppressed both by the small Z’ width we consider by neglecting
hidden sector decays, and by our particular choice of coupling structure.
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(a) (b)

Figure 18: Representative diagrams for some of the most relevant processes: (a) tZ’ production
and (b) ttZ’ production.
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Figure 19: (a) Production cross-sections at /s = 13 TeV as a function of My, for the most
relevant signal processes, assuming a benchmark set of couplings. (b) Branching
Ratios for the dominant Z’ decay modes as a function of Mz, for two different

benchmark sets of couplings.

From Fig. 18, we see that contributions to tZ’ are proportional to (gy()? and to
(get)? while ttZ’ is proportional to (g¢t)?. From Fig. 19a, we see that even for
gtt > Gut, get, the cross-section for tZ’ production is larger than for ttZ’, mainly
due to the kinematic requirements that must be met to produce each of the final-state
particles on-shell. When comparing the four possible tZ’ processes, the largest cross-
section is ug — tZ’, as expected from the model motivations. This is due to u quark
abundance in the proton, which ensures that the g,,(-induced processes yield a con-
siderable charge asymmetry that is not present in the other production processes. We
are interested in this charge asymmetry and how it is reflected in current experimental
searches.

If we take the possible relevant decays obtained from the Lagrangian in Eq. 58
into account, and assuming they are all kinematically accessible, we see that tZ’ can
yield the following final states: ttj, ttj, ttt and ttt. We are discarding the ttj final
state because of the 2LSS and 3L selection criteria. On the other hand, ttZ’ can yield
tttj, tttj and tttt final states.

If we want events enriched with leptonic charge asymmetry and b-jets, we need

tZ’ to decay mostly to three top quarks while being as charge asymmetric as possible.

That is, we need BR(Z’ — tt) > BR(Z' — tj + tj). As we consider relatively low Mz,
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masses, we need gt > gyt to avoid phase-space suppression. If Mz, < 2my, we
consider the three-body decay Z' — tW~b, tW'b we detail in Subsection 1.2.2. From
Fig. 19 we see that for the benchmarks points we display, when M7/ is large enough
the tt decay mode dominates. When combined with tZ’ and ttZ’ production, these
decays produce three- and four-top-quark final states.

After this overview of the basic phenomenology of the proposed model, we turn to
studying its effect on the relevant observables, and how these observables determine
the region in its parameter space most compatible with the experimental results.

4.3 EXPERIMENTAL IMPRINTS AND MODEL TUNING

In this Section we study how the Z’ model detailed in Section 4.2 is probed by dif-
ferent existing experimental results. A Z’ as in Eq. 58 is constrained by both high-
and low-energy observables. In light of recent experimental results from ttH and
tttt searches in ATLAS and CMS, we are specially interested in same sign dilepton
and multilepton plus b-jets final states. In particular, final states with non-zero total
leptonic charge are highly sensitive to Z’. Taking this into account, we detail in Sub-
section 4.3.1 how on-shell Z’ production in association either with a single top quark
(tZ' or tZ') or with a top quark pair (ttZ’) could explain the need for ttW* re-scaling
to account for tensions in data in recent ttH results [151], while yielding interest-
ing signatures in 4-top searches. In Subsection 4.3.2 we test whether the parameter
space indicated by the same sign dilepton and multilepton and high b-jet multiplicity
searches is safe to other observables that could be affected by our model. The more
relevant observables we consider are D° — D°%-meson mixing, top-quark rare decays
through flavour-changing neutral currents (FCNC), top-quark pair production, same
sign top-quark pair production, resonant tj production in tt+jets events, and Z’ radia-
tive production tZ’j. Other processes involving resonant Z’ production, such as single
Z', 7'j and single top quark production tj + tj, are absent due to having neglected the
guu and g¢c couplings.

4.3.1 Fits to experimental data

We study how our phenomenological Z’ model detailed in Section 4.2 accommo-
dates recent results reported for ttH production while avoiding constraints and yield-
ing potentially interesting results in tttt searches. Regarding ttH, we focus on the
ATLAS preliminary results reported in Ref. [151], although results from CMS [152]
are consistent with our conclusions. Regarding 4-top searches we consider the results
reported by ATLAS in Ref. [25], having corroborated that the results obtained are com-
patible with the combination of the ATLAS and CMS [26] results. Both searches target
same sign dilepton and multilepton processes but their channel definitions are not the
same and the reconstructed objects, both leptons and jets, have different kinematic
cuts and tagging efficiencies, which we take into account in our study.

For the case of ttH, the results reported in Ref. [151] are particularly interesting be-
cause of the difficulties reported when dealing with the irreducible ttW* background.
Figure 2 of Ref. [151] highlights the need for a missing charge asymmetric contribution
to match the data, which yields a normalization factor for ttW+ larger than one. This
is consistent with other measurements, for example Refs. [149, 150], and has motivated
a push for higher theoretical accuracy in the ttW* calculations [24, 173-179], which
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nevertheless have not fully explained the discrepancy between the expected and the
observed ttW* event yields.

If we treat the ttW= background as well modelled, and thus constrained to have
a normalization factor consistent with unity within the uncertainty in its theoretical
cross-section, we are faced with charge asymmetric anomalous events with high b-jet
multiplicity. Our Z’ model is designed to accommodate these two features. A recent
example of BSM effects in ttW can be found in Ref. [155], where, in contrast to a
resonant BSM physics model, they study an Effective Field Theory in the top-quark
sector.

As detailed in Subsection 4.2.1, we study Z’ production in association either with
a single top quark or with a top-quark pair. These processes, tZ’ and ttZ’, along
with a considerable Z’ — tt Branching Ratio achieved with a suitable coupling hierar-
chy, provide the necessary same sign dilepton and multilepton signatures, with both
charge asymmetry and high b-jet multiplicity.

As we consider three-top-quarks production and four-top-quarks production, we
need to make sure that our results are compatible with 4-top limits. Even if four-top-
quarks production will be mostly sensitive to (gtt)4, three-top-quarks production is
proportional to (gy)?(gtt)? and will introduce a charge asymmetry.

To see how well our model can agree with the data, we obtain the event yields
expected from tZ’ and ttZ’ in the different reported bins in Fig. 2 of Ref. [151], and the
expected events in 4-top searches with the selection criteria of Ref. [25] as a function
of (gut,gct, gtt) for different values of Mz/. To do this, we have implemented the Z’
model in Eq. 58 using Feynrules [14] and then simulated a fixed set of points through
MadGraph5_aMC@NLO [12] for production and decay of tZ” and ttZ’. The signal events
have been generated using a leading-order matrix element and the NN23LO1 PDF
set [121], and have been processed through Pythia 8 [16] for the modelling of parton
showering and hadronization, as well as through a simulation of the detector response
as implemented in Delphes 3 [18]. We employ tuned parameters for Pythia 8 and
Delphes 3. For the former, we use the Monash tune [180] with a few changes aimed
to reproduce the ttW= Nj distribution as faithfully as possible. We detail the changed
parameters in Table 6.

In the Delphes 3 case, we tune a Delphes 3 card for the ttH search [151] in order to
match the expected ttW* event yields with the reference cross-section o = 727 fb. We
use almost the same Delphes 3 card for the 4-top search [25], with the only difference
being the b-tagging efficiency. The detailed features of the first Delphes 3 card are:

= We set the electron identification efficiency as

0.0 for pt <100
0.80-(0.01- (pt —20.0)+0.65) for 10.0<pt <45.0and n/<1.5
0.75-(0.01 - (pt —20.0) +0.65) for 10.0<pr <45.0and 1.5<n| <25
0.80-0.920 for 45.0<prandn <15
0.75-0.20 for 45.0<ptand 1.5<n <25
00 for I >25

<
<
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Parameter Default Value
TimeShower:alphaSvalue 0.1365 0.127
SpaceShower:pToRef 2.0 1.56
SigmaProcess:alphaSvalue 0.130 0.140
SpaceShower:pTmaxFudge 1.0 0.91
SpaceShower:pTdampFudge 1.0 1.05
SpaceShower:alphaSvalue 0.1365 0.127
BeamRemnants:primordialKThard 1.8 1.88
MultipartonInteractions:pToRef 2.28 2.09
MultipartonInteractions:alphaSvalue 0.130 0.126
ColourReconnection:range 1.8 1.71

Table 6: This table lists the Pythia 8 parameters changed from their Monash Tune default val-

ues [180].

= We set the muon identification efficiency as

0.0
0.98 - (0.006 - (pT — 20.0) + 0.80)
0.99 - (0.006 - (pT — 20.0) + 0.80)
0.98 - 0.95

0.99 - 0.95

0.0

for
for
for
for
for

for

R

min

PT

Imin

min

pT" =250

We set the jet energy scale as

pT < 10.0

10.0 < pr <45.0and n| < 1.5

10.0 <pr <45.0and 1.5 <In| <25
45.0 < prand | < 1.5

450 <prand 1.5<n| <25

nl > 25

We set the electron and muon isolation parameters as

= 0.3
= 1.0
= 0.2

We cluster jets with the anti-kt jet clustering algorithm [181], with AR = 0.4 and

2
+1.0

¢(3.0—o.2-|n|)

We set the b-tagging efficiencies as
Default misidentification rate

c-jet misidentification rate

b-jet efficiency

PT

440.0
L (0.002 3.10°96.
13 (0002+7.3:107%  pr)
1
0-20-tanh(0.02- 1) - 575032y
30
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= We modify the t-tagging module to match the medium working point in Ref. [151]
module TrackCountingTauTagging TauTagging {
set ParticleInputArray Delphes/allParticles
set PartonInputArray Delphes/partons
set TrackInputArray TrackMerger/tracks

set JetInputArray JetEnergyScale/jets

set DeltaR 0.2
set DeltaRTrack 0.2

set TrackPTMin 1.0

set TauPTMin 20.0
set TauEtaMax 2.5

# instructions: {n-prongs} {eff}
# 1 - one prong efficiency

# 2 - two or more efficiency

# -1 - one prong mistag rate

# -2 - two or more mistag rate
set BitNumber 0

add EfficiencyFormula {1} {0.55}
add EfficiencyFormula {2} {0.40}

add EfficiencyFormula {-1} {0.02}
add EfficiencyFormula {-2} {0.002}

For the 4-top Delphes 3 card we modify the b-tagging efficiencies to

440.0

Default misidentification rate : 330 (0.00247.3-107° . py)
8.1 1
c-jet misidentification rate : 10 0.20 - tanh(0.02 - pT) - m
77.0 30
Siet effici . 22Y 0.80 - tanh(0.003 - pr) - — 0
b-jet efficiency 0.0 0.80 - tanh(0.003 - pT) 150,086 pr

This Delphes 3 card allows us to recover the expected yields for ttW=*, 4-top pro-
duction, ttH and ttZ reported in Table 3 of Ref. [25] to a very good degree of approx-
imation.

After simulating the events, we implement the event selection cuts and obtain the
event yields. Each search has a different event selection for each channel as detailed
in Tables 4 and 5. Additionally, we require at least 4 jets in the 2LSS ttH selection and
at least 3 b-jets in the 2LSS and 3L 4-top selection. The former modification is needed
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to compare our results to Fig. 2 in Ref. [151] and the latter is needed to obtain a signal-
enhanced selection similar to the one defined by the use of the BDT in Ref. [25]. We
also incorporate specific trigger selection efficiencies for each leptonic channel to the
ROOT [19] code used to analyse the Delphes output. The simulated signal samples have
been normalized using k-factors obtained from simulating similar events to NLO with
the same set-up, and which are consistent with those in the literature [182].

This method of generating events is computationally expensive and thus makes it
challenging to generate a large set of events to constrain the parameter space of our
model. However, we are able to generate a large set of points in parameter space
from a relatively small set of Monte Carlo generated points by observing that the
expected number of events from a given process in an analysis channel, Ng;gggse;, can
be parametrized as follows®:

N{y, =AM BR(Z — tu+tu) - (gui)? + AP - BR(Z' — tc +Te) - (gur)?
+AS BR(Z' = 1) - (gut)? + AP - BR(Z/ — tu+ Tu) - (get)?
+AS - BR(Z' — tT+Tc) - (get)? + AT - BR(Z — t1) - (get)?,
=B - BR(Z' — tu+ tu) - (gee)? + BS - BR(Z' — t€ + tc) - (gee)?
+B$ - BR(Z' — 1) - (get)?, (59)

ch
N ttZ’

where all the coefficients A$", B are functions of M7/ and absorb the acceptance
of the channel and the cross-section for the specific process normalized to the corre-
sponding coupling set to unity. The channels we consider are the different bins of
Fig. 2 of Ref. [151] and the 4-top event yield with Q > 0 and with Q < 0 with the
selection criteria of Ref. [25]. We obtain the Aﬁh and th with Weighted Least Squares,
where the uncertainty of each measurement is due to the Monte Carlo finite sampling,
and with them we generate arbitrary points in the parameter space.

The likelihood fit to the eight bins of Fig. 2 of Ref. [151] is performed using the
HistFitter package [124], which relies on RooFit [125] and the minimization algo-
rithms from MINUIT [126]. Additionally, systematic uncertainties affecting the overall
normalization of the SM processes are included in the fit: 20% uncertainty is assigned
to ttH, ttW, ttZ, and signal, and 50% uncertainty to diboson, while the various fake
lepton components have uncertainties assigned corresponding to the normalisation
factor precision reported in the ATLAS result.

In Figs. 20-22 we compute the impact of different points in parameter space for
different Mz, masses on the two experimental analysis. In the left column of these
plots, we obtain the point that minimizes the Negative Log-Likelihood (NLL) [5] for
the reported observed events in Fig. 2 of the ttH search [151], considering the pre-
tit SM background contributions. After finding this minimum, we plot the 1 and 2
standard deviations (s.d.) regions and the goodness-of-fit contour lines [183]. We
include in this same left column the contour lines indicating the 4-top BSM and SM
to SM only event ratio, Né',t\(/)[p +Bsm/ Ng\(/)lp. These events need to pass the 4-top-like
selection cuts described in Table 5 and include SM four-top-quarks and BSM ttt + ttt,
tttj + tttj and four-top-quarks processes. We can see the interplay between a good ttH
tit, which requires asymmetry (non-negligible g..+) but also a high b-jet multiplicity

1 This parametrization neglects non-resonant Z’ effects.
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(large g¢t), and the 4-top fit (not so large g¢+). We combine both measurements in the
right column where we minimize the ttH+ 4-top data

4-top 4-top 4-top /nj4-topy2
(NsmrBsm/Nsm —Nobs /N )

NLL(ttH) + >
(o)

For 4-top we consider two Néi)t:p / Né',t\(/)[p possibilities: the reported ATLAS [25] value

alone Ngﬁgp / Ngox,{'mps = Z.Of%g and in combination with the CMS [26] reported value

Ng%‘;r'mps / Nfso;\l/fmp ® = 1.1+ 0.5, which yields an average value of Ni%lgr'mps / Nfso;\l,{'mp =
1.4+ 0.3. In all cases we find that the best fit points are compatible and we chose
to focus on the ATLAS result to tune our simulation and obtain further information.
We plot the 1 s.d. and 2 s.d. regions for the ATLAS value and we showcase how the
Z' introduces an imbalance in the ratio of yields of three- and four-top-quarks events

with positive and negative total leptonic charge

-top,Q>0 4-top,Q <0
Nt N
SM

_ NSMyBsM
T(4 )= N4—t0p,Q<0 N4—top,Q>O’ (60)
SM+BSM ''SM

in the 4-top search. Observe that the ATLAS 4-top analysis [25] does not distinguish
three- and four-top-quarks final states and therefore this imbalance is also induced
by diagrams of the kind of Fig. 18a because of the u quark in the initial state and, as
expected, grows with g¢. We plot the contour levels for r(4t) in the figures since it
provides a qualitative insight on the behaviour of the charge imbalance coming from
the g.¢-mediated BSM contributions in a 4-top-like selection. We also observe that
this parameter is not currently reported by the experimental collaborations, and could
provide clues of BSM contributions.

To better identify interesting features, we plot in Fig 20 the region Mz/ < 2m and
get = 0; in Fig. 21 we study Mz, > 2m¢ and gt = 0; and in Fig. 22 we explore the
gct # 0 region while fixing g¢¢ = 0.2 and 0.4. In the following paragraphs we discuss
each one of these figures in detail. Although we find many points in parameter space
compatible with the experimental results, we observe that Mz, = 400 GeV has a
slightly better accordance with the data.

For the M z: < 2m, case shown in Fig. 20, the 1 s.d. regions in all plots include gy ~
0. This corresponds to no charge asymmetry and is indicative of the fact that none of
the points in the parameter space are a particularly good fit for the data in this region,
as quantified by the poor goodness-of-fit not being significantly better than that of the
SM hypothesis (gut = gct = gt = 0). This is because Z’ — tt is suppressed and thus
the events providing charge asymmetry with large b-jet multiplicity are suppressed as
well. This leaves Z' — tli+ tu as the dominant decay mode, worsening the fit. When
comparing the right column (ttH and 4-top) to the left column (only ttH), one should
keep in mind that yields in 4-top searches are obtained mainly through the three-top-
quarks production diagrams, which are proportional to (g¢t)?BR(Z’ — tii+ tu) and
(gut)?BR(Z" — tt" +t*t). For Mz, = 200 GeV, the second process is negligible and
therefore the effect of incorporating 4-top to the NLL is to constrain g;. Whereas for
Mz = 300 GeV, there is a slight opening of Z’ — tt" 4+ t*t and thus the 1 s.d. allowed
region enlarges to the medium g, region from Fig. 20c to 20d.

The goodness-of-fit to ttH data increases when we consider Mz, > 2my, as shown
in Fig. 21. In fact, for these Mz, values the Z’ — tt channel opens up and diagrams
of the kind shown in Fig. 18a provide same sign and multilepton events with charge
asymmetry and large b-jet multiplicity, which are crucial to improve the fit. This
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Mz =200 GeV Ax?, gee=0.0 Mz =200 GeV Ax?, gt =0.0
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Figure 20: Fits to data for Mz, < 2my in the (gut, gtt) plane. Left column: ellipses correspond
to 1 s.d. and 2 s.d. from the ttH NLL minimum with the green dotted curve being
the goodness-of-fit and the black dashed curve corresponding to N‘gﬁ&B sm/ N‘gﬁp.
Right column: ellipses correspond to 1 s.d. and 2 s.d. from the ttH+ 4-top NLL
minimum with the black dotted curve corresponding to the charge imbalance ratio
of yields r(4t) defined in Eq. 60. The ttH+ ATLAS and CMS average 4-top NLL
minimum is shown with a black cross.

important improvement can be explicitly seen by comparing the goodness-of-fit (green
dotted contours) between the Mz, < 2m; (Fig. 20) and Mz > 2m (Fig. 21) results
in the left plots. We can see in the left plots that as Mz increases from 400 GeV
to 600 GeV, the tZ’ and ttZ’ production cross-sections decrease and therefore larger
couplings are needed for the best-fit regions. We see however in these plots that
the best-fit regions are in potential tension with 4-top production cross-section (black
dashed contours), which indicate a preference for lower values for g¢¢. In the right
plots of Fig. 21 we include 4-top data to the NLL and we observe that the best-fit point
has a noticeable lower g¢¢ and similar g, t. This is because 4-top searches are more
sensitive to g¢¢ than to g,+. We do not consider masses above 600 GeV because we
find that larger masses would yield Hr distributions that enter into conflict with those
reported in 4-top analyses, as discussed below in Fig. 27.

We plot the gt # 0 cases in Fig. 22 for M z; = 400 GeV and two values of g¢. In all
cases we see that the best-fit point is in g+ = 0, which indicates that the main handles
to accommodate the data are g+ and g¢t. Nevertheless, we observe that g.¢ # 0 is
allowed at the 1 s.d. level in a large part of parameter space. We show in blue the
region disfavoured by DO « DO mixing as detailed in Subsection 4.3.2, which limits
the gyt and gct couplings.
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Figure 21: Idem as in Fig. 20, but for Mz, > 2my. In this case, the opening of the decay
Z' — tt enhances the channel ug — tZ’ — ttt which induces a charge imbalance
that favours considerably the fit in ttH. This can be appreciated in the goodness-of-
fit (green dotted), which is considerably better in this case than for those in Fig. 20.

From these fits to the data we can conclude that the Z’ is not only compatible with
the ttH and the 4-top data, but also in many regions is more compatible that the SM.
The tZ’ process can provide the necessary charge asymmetry and b-jet multiplicity
while still being hidden in 4-top production. To summarize how selecting a good
benchmark point in parameter space reduces the tension in the reported results in
ttH (Fig. 2 in Ref. [151]), we show in Fig. 23 how these results are modified if the Z’
BSM is added to the SM yields. We consider the best-fit point for ttH data only for
Mgz, = 400 GeV: gyt = 0.04, g¢¢ = 0.0 and gt = 0.4. For comparison, we show the
equivalent post-fit plot in the case where only SM processes are considered in the fit.
In both fits, the same systematic model is used for the SM processes.
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Figure 22: Idem as in Fig. 21, but for different points in the (gut, gct) plane. The blue re-
gions correspond to regions in parameter space disfavoured by D® < D® mixing
as detailed in Section 4.3.2.

Although all masses above 2m; provide good fits, we consider the best-fit point
for ttH and 4-top data corresponding to Mz, = 400 GeV and couplings gy = 0.04,
get = 0.0 and gt = 0.2 as our benchmark point for further studies. As we show in
Section 4.4, this mass has the interesting feature of having an Hy distribution similar
to, although slightly softer than, that of SM 4-top production.

At last, it is interesting to observe that the preferred region in parameter space by
the fit indicates that Z’ associated production either with a single top-quark or with
a top-quark pair can mimic ttW¥ in the ttH search and 4-top in the 4-top search.
In Section 4.4, we study kinematic distributions and properties of the new signals
compared to the main SM background processes in order to find ways to break this
degeneracy.

4.3.2 Constraints from other observables

In this Subsection we analyse how other observables besides ttH and 4-top constrain
the previously studied parameter space, namely 0 < gyt < 0.1, 0 < ge¢ < 0.1 and
0 < gt < 1.0;and 200 < Mz < 600 GeV.

As a low-energy physics phenomena, D-meson mixing is particularly sensitive to
any BSM effects. In particular, since virtual Z’ and top quarks can contribute to
D® « DO mixing at loop level, it is a sensitive observable to our model. Since we
consider g, = 0, there is no tree level contribution to D-meson mixing. The Lorentz
structure in Eq. 58 provides a contribution to D-meson mixing that is translated to
the D-meson mass difference. We proceed to compute this one-loop contribution
to D® — DO. We observe that the general tree level computation has already been
performed in Ref. [184], whereas the one-loop contribution with equal couplings for
both chiralities ghtrct = gR( ot can be found in Ref. [185]. We thus follow and expand
the [AC| = 2 calculations in previous references to the one-loop case with different
couplings for each chirality gh’sct.

The relevant Feynman diagrams to calculate the one-loop contribution are shown

in Fig. 24. The corresponding amplitude is
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Figure 23: Comparison between ATLAS data [151] and a) SM background prediction b) BSM
signal (tZ’ + ttZ’) plus SM background prediction for the event yields in 2L.SS and
3L channels in categories based on the total lepton charge and the b-jet multiplicity.
The BSM signal corresponds to a Mz, = 400 GeV and couplings gyt = 0.04, gct =
0.0 and g+ = 0.4, which minimizes the NLL for the ATLAS data [151] for Mz, = 400
GeV. In both cases, we show the SM background prediction with fitted NP to the
data although the fitted values differ due to the presence of BSM events in b).

M- J A%k [Py (k+ myYPeec] [Puruy” (k+ me)y Peyc] 61)
(2m)4 (k2 —m$)? (k2 —M3,)2
where
Pur = thPL + QEtPR (62)
Pee = gePL+ 98 Pr (63)

and PLr = (1F v>)/2. We work in the low-energy limit where the u and ¢ quark
tields have no k" dependence.
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Figure 24: One-loop box Feynman diagrams contributing to D® — D° mixing due to a generic
Z' with non-zero off-diagonal couplings to the top quark.

In order to perform the integral on the loop momentum k in Eq. 61 we observe
that by symmetry arguments any integral with odd number of k’s in the numerator
vanishes. We are then left with the two relevant terms proportional to k k and m?.
With the help of dimensional regularization going to d dimensions, we can use the
identity

1 T(m+n) J‘X’ ATl 64)
AMBT  T(m)T(n) )y © (A + B)m+n 4
to obtain the solvable d-dimensional integrals [1]
J ddk 1 )M T-g) f1\E
(2m)d (k2 —A)  (4m)d/2  T(n) A !
J dik kY (DM ligwTn-$-1) /1 n-g-1
20e(Z—Ar  @mdZ 2 T A /
(65)

and setting d = 4 in the end. By performing the d-dimensional integration and then
the A integration, we obtain an expression for M without any remaining integrals. We
can then use Fierz transformations to write M in terms of the four-fermion effective
operators Q1_g defined in Ref. [184] and write the effective Lagrangian £.¢+ induced
by the FCNC Z’ in terms of these operators. This allows us to use the modified vacuum
saturation hypothesis as defined in Ref. [184] to obtain (Q;) = (D°|Q;|D®) and with
them an explicit expression for <F|Leff|DO>. Utilizing the definition for

1 —
AMp = — (DL IDC)| (66)
D

we obtain the one-loop D-meson mixing parameter for chiral off-diagonal couplings
with the top quark

2 Mp Bp x 8 2.2 8 2,2 &
AMp = 13647[27]\42[ [f(x) <_39{1t glc_t _ggﬁt 9th +391I1tglc_t95t9§t)
2 2 2 2 2,2 14
+g(x) <391L1t 9th +§95t glc_t _39111t915t95t9§t)] . (67)

where x = (Mz//my)?, fp = 222.6 MeV [186] is the D%-meson decay constant, Bp ~
1 [185, 187] is the bag model parameter, and

f(x) = ;“_]XP[]—xz—i—leogx] (68)

2
glx) = (1_X)3[2(1—x)+(1+x)logx] (69)




4.3 EXPERIMENTAL IMPRINTS AND MODEL TUNING

are the functions that appear when integrating in A in the above scheme. As it can be
easily seen, the results in Ref. [185] are recovered if we set the left- and right-handed
couplings to be equal. We obtain the one-loop contribution to D-meson mixing of our
Z’ model by setting gL, = gL, =0, g%, = gut and g®, = gct, obtaining

2 MpB
amBsM _ _ToMpBox (8

64 7'[2]\/[%/ gf(x) (gut)z (gct)2> . (70)

Although in principle one should compare the experimental value to the predicted
value due to SM and BSM contributions, a detailed knowledge of AMSDM is currently
lacking [5, 188, 189]. Therefore, as a naive estimation, we require that the BSM contri-
bution to AMp is smaller than the uncertainty in its measurement:

AMBSM < ¢ (AMQDXP) . (71)

Using current available data [5] we obtain that the above constraints are translated
into the model parameters as

Jut get <2.0x 1073 to 4.5 x 1073 (72)

for Mz ranging from 200 GeV to 600 GeV, respectively. These bounds are plotted as
blue regions in Fig. 22.

High-energy collider physics is sensitive both to inclusive on-shell production of the
Z' 4+ X and to non-resonant behaviour, such as the re-scaling of different top-physics
cross-sections [28, 64, 166, 169]. As mentioned before, taking gy, gcc = 0 makes our
model insensitive to many of them. Other effects are greatly diminished.

Measuring top-quark rare decays opens a window to BSM effects. Z’-induced top-
quark rare decays have been studied in Ref. [66] and can be confronted to the experi-
mental bounds set in Refs. [67—70]. Using the same matrix elements we can produce
the relevant decay Branching Ratios for the model described in Eq. 58. After adding
the smaller SM contributions, we find that rare decays Branching Ratios are below cur-
rent limits, which are of O(1072). The main difference between our model and those
considered in Ref. [66] is the absence of gy, and g.. couplings and of left-handed
couplings, which effectively reduces the Z’'-induced rare decays and allows us to go
to smaller masses.

As mentioned above, in high-energy collider searches our model yields no pp — Z’
production. In tt production, it can only contribute through the t-channel and cannot
be probed by tt resonance searches. The only constraints coming from tt are then
those on the inclusive cross-section, where we find that Z’ effects are well below the
current experimental bounds [190, 191] for the parameter space we are exploring,
being at most 45 fb for gyt = 0.1, gct = 0.1, g¢e = 1.0 and Mz, = 200 GeV.

Our Z’ model is also sensitive to same sign top-quark pair searches, both to prompt
same sign top-quark pair production mediated by a Z’ in the t-channel and to same
sign top-quark production with an associated jet. The former is sensitive to (gut)4, (gct
and (gut)z (gct)z, the dominant process being uu — tt due to the PDF imbalance be-
tween the up quark and the others. The latter corresponds to the same tZ’ production
mechanism we discuss in Subsection 4.2.1, but we now select events where the Z’
decays to tii + tc. Current experimental limits from prompt same sign top-quark pair
production are ot < 1.2 pb [192] and o < 89 fb [193]. However, the latter limit is not
fully model-independent, as the signal regions are optimized for higher mass vector
mediators (with My > 1 TeV). As for our Z' model, the highest possible oy we can
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produce is 76 fb, for Mz, = 200 GeV and g+ = 0.1, which is just below the most strin-
gent current experimental limits. M7/ is so low that we should expect the acceptance
to be significantly affected by the experimental cuts. In particular, the Hy > 750 GeV
cut imposed in Ref. [193] could be too high for such a low Mz/. The cross-section ot
is proportional to (gut)* and decreases as we increase the mass, e.g. oy = 15 1b for
Mgz, =400 GeV and g, = 0.1. All things considered, we conclude that prompt same
sign top-quark pair production does not place relevant constraints on our parameter
space.

Ref. [193] also casts experimental limits on ttj, although they consider a heavier Z'.
Taking into account the re-scaling due to the BR(Z’ — tj) and the same caveats about
the acceptances, we find that these limits are also avoided by our model. A dedicated
search for a light Z’ in this channel would be interesting, as one could potentially
reconstruct the Z’ mass. Relaxing the Ht cut and selecting events with a hard light-
jet would potentially augment the signal acceptance, while the background would
still be relatively small. Low-mass tj resonances have been searched in the tt+ jets
channel [194, 195], albeit with very low sensitivity.

While Z’-mediated single top-quark production tj + tj is absent due to gy, gec =0,
there is the possibility of Z’ radiative production tZ'j, where Z’ is emitted from either
the t/t or the jet (which can then be either u, [, ¢ or €). However, in our model this
channel is also severely suppressed due to the chiral nature of our coupling choice.
All radiative tZ'j production requires a W*, either in the s-channel or the t-channel,
with the latter dominating?. To interact with this W*, we need left-handed quarks.
However, in our model we require right-handed quarks to radiate a Z’, which yields
a considerable suppression. In particular, due to pdf imbalance the most relevant dia-
gram with W* for tZ'j is ud — du — dtZ’. But this diagram requires a left-handed
u quark to interact with the W and a right-handed u quark to interact with the Z’. As
the u quark is essentially massless, the most important contribution to tZ'j essentially
vanishes for right-handed couplings only. To illustrate this point, assuming Mz, = 400
GeV, we find that the tZ'j cross-section for gL, = 0.0,gR, = 1.0 is approximately 40
times smaller than for g, = 1.0, g%, = 0.0.

4.4 GLOBAL SEARCH AND KINEMATIC FEATURES

In Section 4.3 we show how a specific Z' vector boson can affect ttH and 4-top
analyses. Although all BSM diagrams affect both observables to some extent, the
charge asymmetric contribution mimics mainly ttW* whereas the charge symmetric
contribution mimics mostly 4-top behaviour in different searches and channels. In
this Section we show how a more global study of the Z' could help to break this
degeneracy and disentangle signal from SM background processes. Then, based on
the studied discriminating observables, we define signal-enriched regions that have
either ttW= or 4-top as the main SM background and thus are sensitive to different
parameters of the model. With the help of a few kinematical variables in these regions
we aim to improve signal vs background discrimination, showing the potential of a
future optimised Multivariate Analysis (MVA) discriminant.

2 A similar scenario is explored for a scalar in Ref. [196].
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4.4.1  Expected sensitivity of the global analysis

The event selection used for the global analysis is similar to that of the 4-top
search [25], but with some modifications. We define the regions as:

2LSS: Two same sign leptons, at least 3 jets and at least 1 b-jet,

3L:  (Exactly) Three leptons, at least 2 jets and at least 1 b-jet.

No Hry cut is applied in either of the regions.

The event categories in the global analysis are defined for the 2LSS and 3L selection
separately, based on the discriminating variables: number of jets (Nj), number of b-
jets (Ny), and total leptonic charge (Qpep). In Fig. 25 we show the distributions for
these discriminating variables in each category.

In order to perform a global analysis we define bins as (Nj, Ny, Qlep) With Qep = =+
as a shorthand for +2(1) for 2LSS (3L) and > Nj (Np) meaning at least N; jets (Np
b-jets). There are in total 34 (30) bins for the 2L.SS (3L) channel. Low N; and Ny bins
will have a larger contamination of ttW* and higher N; and Ny, bins will be more
sensitive to 4-top. The expected events for each one of these categories in the global
analysis are shown in Fig. 26, where we use as a signal benchmark the combined
ttH and 4-top best-fit point for Mz, = 400 GeV from Fig. 21. We also plot the main
irreducible backgrounds simulated at NLO accuracy with the same generator settings
as for the signal, with cross-sections scaled to those reported in Ref. [25]. From the
global picture we see how the signal mimics ttW= in low Nj, low Ny, bins and 4-top
in high Nj, high Ny, bins. There are some bins that provide a clear distinction between
signal and background. More insight into how ttZ’ can resemble SM 4-top is shown
in Fig. 27, where both SM and BSM processes have a similar Ht kinematic distribution
in the events selected for the global histogram.

The global analysis shown in Fig. 26 can be used to estimate a potential discovery or
the exclusion limit that can be set for the BSM Z’ model. This is done for Mz, = 400
GeV and each point in the (gut, gct, grt) parameter space. Using Eq. 59 as detailed
in Section 4.3, we generate global histograms for an arbitrary point in the parameter
space using a fixed set of simulated points. These processes are not independent of
each other and thus need to be considered simultaneously. An Asimov dataset [148]
is used to calculate the expected significance and exclusion limits. The systematic
uncertainties included in the global fit consist of 20% overall normalization uncertainty
on the ttH, ttW, ttZ, 4-top processes, and signal, as well as Nj- and Ny,-dependent
uncertainties on ttH, ttW, and ttZ to account for larger modelling uncertainties in
the production of additional light/heavy-flavour-jets. We show in Fig. 28 the expected
significance and the expected exclusion limits for the case where Mz, = 400 GeV and
get = O for the corresponding integrated luminosity of the Run-2 dataset (139 fb™ ')
and of the expected Run-2 plus Run-3 datasets (300 fb').

4.4.2 Disentangling signal and background in signal-enriched regions

In order to define signal-enriched regions both for tZ’ and ttZ’ we require Ny, > 3.
Moreover, given the top-quark content in each of these processes we can use Qjep and
Nj to further separate them. We therefore define two signal-enriched regions:

Region I, 2LSS (3L): N;j > 4(3), Np > 3 and Qep = +2(+1),
Region II, 2LSS (3L): N; > 7(5), Np = 3 and Qyep = +2(£1).
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Region I is more sensitive to tZ’ while Region II is more sensitive to ttZ’. We show
the composition of the events that fulfil the selection of each Region in Fig. 29. We
aim to examine observables that can disentangle signal from background in each one
of the signal-enriched regions.

In the following, we plot only the fraction of events for the relevant processes in
each region, i.e. ttW and tZ’ for Region I and 4-top and ttZ’ for Region II. We show
for Z' the relevant masses 400 GeV and 600 GeV. We also find compelling to include in
the study a BSM model in which we replace the spin 1 Z’ with a spin 0 scalar field ®
with a Lagrangian analogous to the Lagrangian in Eq. 58. For this scalar BSM model
we use a mass Mg = 400 GeV and the same couplings as the best-fit point of Z’ for
this mass. The two relevant processes in this model are then t® and tt®.

To compare the relevant studied processes we calculate the separation between pro-
cesses, defined as [197]:

Nbins ( f51g 1:bkg)

Separation = S2 7 Z (73)

Slg+f

where f?g (f?kg) is the signal (background) fraction of events in bin 1.

We plot in Fig. 30 the Hy distribution for both regions. We can see in both regions
how the low mass (400 GeV) BSM scenarios mimic the SM distribution regardless of
their spin (Z’ or @), whereas the 600 GeV case begins to show some deviation from
the SM expected distribution.

The above results show that disentangling the 400 GeV BSM from the SM is chal-
lenging. Considering tZ’ and ttW events, we see that in the diagrams the lines con-
necting both same sign leptons have different Lorentz structure. We therefore explore
the azimuthal angular separation between the leptons Ad(¢*,(*), which is a spin-
correlation-sensitive observable. We observe in Fig. 31 that this observable can distin-
guish to some extent the different contributions in Region I, whereas no distinction
occurs in Region II.

Another useful observation is that the leptons in tZ’ all come from top quarks,
whereas in ttW there is one lepton coming from a prompt W boson. In contrast to
leptons coming from a top quark decaying to a W boson and then to a lepton, the
lepton coming from a prompt W boson is not closely connected to a b-jet. Motivated
by this, we propose a new kinematic variable defined as:

MaxMin({,b) = The maximum of the minimum AR-distances

between the same sign leptons and a b-jet. (74)

In the extreme case of boosted top quarks, we expect the tZ’ signal to have smaller
MaxMin(¢, b) than the ttW background. For less boosted top quarks we expect this
qualitative behaviour to still hold, although at a lesser extent. We show the MaxMin({, b)
distribution for both regions in Fig. 32, where the expected behaviour is verified. More-
over, we find a slightly larger separation than for the Ad({*, ¢*) observable. We have
verified that the MaxMin({, b) observable has better separation for larger Hy, as ex-
pected from its construction.

The previous observables, Ad((F0*) and MaxMin(¢,b), have shown a separation
power between tZ’/® and ttW. We are interested in understanding how independent
is the separation power of these observables. We show therefore in Fig. 33 a two-
dimensional event histogram where we plot the distribution over both observables to
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distinguish between signal and background. To avoid low Monte Carlo statistic, we
use the global analysis selection, without further splitting in Region I and II. There, we

count events for all background processes and for the three different signal processes.

We see from the figure that the two studied observables are not strongly correlated
and can therefore be exploited simultaneously in a future MVA analysis.
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Figure 25: Nj, Ny, and Qjp distributions for the 2LSS (left) and 3L (right) categories used for
the global analysis. Observe how tZ’ mimics ttW and ttZ’ mimics tttt, particularly
in the N; distribution.
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for the main processes in Regions I and II. We find it useful to disentangle tZ’/®

from ttW in Region L
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useful for Region I which is dominated by tZ’/® and ttW, since the latter has a
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Figure 33: Simulated event yields for different processes in the two dimensional space formed
by the azimuthal angular distance between the two same sign leptons (x-axis) and
the MaxMin({, b) observable (y-axis). When comparing the reported separations to
those in Figs. 31 and 32, one should take into account that this is for the global
selection, not Region I.
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4.5 SUMMARY AND OUTLOOK

In this Chapter we have addressed the pattern of mild but persistent anomalies in
same sign dilepton and multilepton plus b-jets events at the LHC from a phenomeno-
logical point of view. More precisely, we have studied a BSM model with a Z’ in a
mass range 200 GeV to 600 GeV that couples hierarchically to the right-handed up-
type quarks ug, cg and tg. The hierarchy differentiates the third generation from the
other two, allowing for tt diagonal couplings and FCNC tt and t¢ couplings. We
have shown how this model has the key features needed to reproduce the observed
discrepancies in ttH and 4-top analyses.

Throughout this Chapter we focus primarily on the ATLAS analysis for ttH in
Ref. [151] in which the post-fit yields of ttW® show an excess over the expected
cross-section by a factor of wiry = 1.39f8:}2. We study the case in which the ttW=
cross-section is not free-floating in the fit, allowing the BSM model to fill this excess.
We explore this scenario by implementing the BSM model, simulating relevant pro-
cesses up to detector level following the ATLAS analysis in two lepton same sign
(2LSS) and trilepton (3L) final states, and finding the BSM parameters that best fit the
ATLAS results. We perform a new simultaneous fit to the observed ATLAS data in
the eight bins corresponding to combinations of dilepton charge and b-jet multiplicity
in 2LSS and 3L final states (Fig. 2 in Ref. [151]). The regions in parameter space that
best fits the ATLAS data are shown in Figs. 20-22. We show in Fig. 23 how the BSM
model improves the interpretation of the ATLAS results in Ref. [151] without the need
of re-scaling the ttW™ cross-section. These results indicate that for this observable the
data would prefer over the SM a Z’ with mass 400 GeV to 600 GeV and couplings in
the order g¢t ~ 010~ 1), Jtu ~ Jtc ~ O(10~2). When the BSM model is also tested
to reproduce the slight excess in the ATLAS 4-top analysis in Ref. [25], the preferred
region for g is reduced to approximately half its value, since otherwise the model
would populate this analysis with too many events.

We have verified that the best-fit regions are safe to other observables such as D-
meson mixing, Z’-induced top quark rare decays, tt production, same sign top-quark
pair searches, tj resonance searches in ttj events, and Z’-mediated single top-quark
production.

In the second part of this Chapter we explore how the proposed BSM model could
be distinguished from similar SM physics processes in the multilepton plus b-jets final
state. In a first stage we define 34 (30) kinematic regions for the 2SS (3L) channel
that have different signal-to-background ratios and therefore could be exploited to
disentangle them. We perform a simultaneous fit of the regions in this global analysis
search to the Asimov dataset assuming 139 fb~! and 300 fb~! integrated luminosity,
and determine the prospects for discovering or excluding the proposed BSM model
(Fig. 28). In a second stage, we define two kinematic regions tailored to increase the
fraction of tZ’ and ttZ’ events, respectively, and study observables that could help
discriminating signal from the main SM background processes in each region. We
find that Ht could potentially discriminate tZ’ and ttZ’ for Mz above ~ 600 GeV,
whereas the Ht distribution of ttZ’ is very similar to that of the SM 4-top process.
We also find that the azimuthal separation between same sign leptons Ap(E, () isa
good variable to separate signal from its main background. In all cases, we include the
possibility of replacing the Z’ with a scalar @ field and the same flavour structure, and
find that the A ({*, {*) observable has discriminating power to differentiate the three
models: SM, Z’ and ®. Finally, we propose a new kinematic variable MaxMin({, b)

79



8o

7z’ HIDING IN TTH AND 4-TOP

(c.f. Eq. 74), which is likely to have a larger value if there is a lepton coming from a
prompt W boson in comparison to a W boson coming from a top quark, which has
a close b-jet as the top quark is boosted. This variable has a good separation power
between signal and background. We find that it is easier to distinguish signal from
background in Region I, in which tZ’ is the main signal. As a last test, we investigate
for all events in the previous global analysis whether A+, ¢*) and MaxMin(¢, b) are
correlated by plotting their distribution in a 2D coloured histogram, and find them to
have little correlation and thus considering them together improves the separation
power in comparison to each observable on its own.

In summary, we have proposed a phenomenological FCNC Z’ model that couples
hierarchically to the up-type right-handed quarks to explain LHC discrepancies in
same sign dilepton and multilepton plus b-jet final states. We have found regions in
parameter space that fit the data better than the SM and proposed different ways to
explore the data to test the BSM Z’ model. We find that a sophisticated experimental
search, along the lines of our proposed global analysis could in the near future shed
light on the existence of such a BSM scenario.
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4-TOP DEMIXING

In this Chapter we apply an algorithm previously implemented for quark/gluon
tagging in Ref. [82] to the problem of disentangling 4-top production from two of its
main backgrounds in the same sign dilepton channel, ttH and ttW. We take this as an
opportunity to test the performance of the algorithm when the ideal hypotheses which
underlie it are not entirely valid. This Chapter is based on work done in collaboration
with Ezequiel Alvarez and Federico Lamagna in Ref. [198]. All necessary code to
reproduce our results is available at Ref. [199].

As detailed in Subsection 1.1.1, 4-top production is one of the last benchmarks
of SM Physics and could be specially sensitive to BSM effects [27-34]. In practice,
measuring the 4-top cross-section is very challenging. A very populated final state
and many different decay channels render its reconstruction very inefficient. 4-top
searches [26, 200] rely on signal regions which are selected and analyzed with the
help of Monte Carlo predictions. Although Monte Carlo predictions have reached a
complex level of development, including Next to Leading Order (NLO) matrix level
calculations for 4-top production [201], there are still many measurements of 4-top
signal and backgrounds that require re-scaling to data in control regions which are in
need of further understanding. Because of this, we investigate a direction to reduce the
impact of Monte Carlo simulations and tuning in the extraction of physical quantities
in the 4-top final state. It is worth stressing at this point that, even with all the new
Machine Learning techniques at our disposal, it is not possible to avoid a dependence
on Monte Carlo simulations in extracting absolute physical quantities from the LHC
data. We pursue the goal of reducing the impact of these simulations by replacing
some of the required generation and/or calibrations with different techniques.

In particular we focus on a Topic Modeling technique which we refer to as the Topic
Model Demixer algorithm, or Demixer algorithm for short [82]. This technique was origi-
nally designed as a data-driven implementation of a mixture membership topic model
and has been applied to differentiate quark from gluon jets in Refs. [82, 202]. It is an
algorithm suitable for the simple case in which there are two observed distributions
from which two underlying distributions need to be recovered. Along this Chapter
we investigate this particular framework applied to 4-top physics, where the 4-top
final state and its backgrounds are two specific topics which are mixed in different
proportions in two defined samples according to the number of jets that are b-tagged
in the final state. We explore within this framework the perspectives for measuring
4-top physical properties, combining the information that can be extracted from the
Demixer algorithm with Monte Carlo simulations and techniques.

This Chapter is divided as follows. In Section 5.1 we present the Demixer algorithm
and investigate its behavior in cases where its hypotheses are not fully satisfied. In
Section 5.2 we apply the Demixer algorithm to 4-top production and its main back-
grounds ttW and ttH, where we show how to recover important physical properties
and distributions without relying on Monte Carlo simulations. We also essay Machine
Learning techniques on the Demixer algorithm to improve the results in describing the
signal and background distribution and purity fractions. In Section 5.3 we discuss im-
provements and alternative strategies that could be performed on the algorithm to
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enhance the results presented in this Chapter. We discuss in Section 5.3 a possible
strategy to tune a Monte Carlo generator using the information extracted from the
Demixer algorithm. We summarize our conclusions in Section 5.4.

5.1 THE DEMIXER ALGORITHM

In this Section we give a brief review on the Demixer algorithm. We first describe
the algorithm along with the basic features that allow to recover two underlying dis-
tributions and their fractions from a pair of mixed samples. We then discuss under
which conditions the algorithm works properly and we analyze more realistic cases
which relax some of these conditions. We study how the algorithm can still be used
to recover sensible topics as long as the departure from the hypotheses is tractable.

5.1.1 Demixer algorithm in the ideal case

Along this Chapter we consider the case of two samples M and M, that are statisti-
cal mixtures, in different proportions, of two underlying sources which we call signal
and background. In the following paragraphs we summarize the basic layout of the
problem for the ideal case, but further details can be found in Refs. [82, 203].

Assuming that some features of the elements in samples M1 ; can be described by a
given observable x, we can define a probability distribution of these elements in each
sample as

Pm, (%) = i Ps(x) + (1 — fi) Pe(x). (75)

Here Ps(x) and Pg(x) are the two underlying distributions in x of signal and back-
ground, respectively, and f; is the fraction of signal events in sample M;. These are
the unknowns that one would like to recover, or demix, from the original samples M;
and M;. Observe that one of the important assumptions is that Ps(x) and Pg(x) are
the same for both samples.

In order to demix these samples we perform a maximal subtraction through the
definition of reducibility factors:

ki = k (Mi/M;) = min (PM"(X)> (76)

Pm; (%)

We maximally subtract the M, sample from the M; sample and normalize it in order
to define the distribution of the reconstructed signal topic Ts over x as:

~ Pmy () — k12 P, ()
(x) = .

T (77)

P,

In a similar way, we can obtain the reconstructed background topic Tg distribution
in x. Without loss of generality, we suppose that sample M; has a larger fraction of
signal events than sample M, (f; > f2), and therefore Ts is the one matching the
signal distribution, whereas topic Tg would match the background distribution.

For the Demixer to recover exactly Ps and Pg we need, in addition to having differ-
ent fractions f; in Eq. 75, to have anchor bins xs, xg such that

Ps(xs) =0, Pgl(xs) #0,
Ps(xg) #0, Pg(xg)=0.
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Defining the irreducibility factors for the underlying distributions k(B|S) and «(S|B)
by replacing My ; by S and B in Eq. 76, we see that the presence of anchor bins implies
k(BIS) = k(S|B) = 0. This hypothesis is usually called mutual irreducibility. When this
condition is guaranteed, topics reconstructed by maximally subtracting samples will
match underlying signal and background distributions, and the fractions f;, can be
recovered from inverting the following equations:

1—14 f2

= ’ = — 8
K12 1—1, K21 f, (78)

If there is no mutual irreducibility, demixing the samples still leads to relevant quan-
tities. For instance, the topic obtained from the more signal-like sample leads to the
background-subtracted signal distribution:

Ps(x) —ksB PB(X)‘

Prs(x) = Pgig(x) = T——

(79)

And the analogous is valid for the other sample, by swapping B and S. If there is extra
input on the size of these two (in general different) reducibility factors, either by theo-
retical principles or by some given estimation, then the two equations can be solved to
obtain the pure distributions. In this sense, ksg and kgs can be thought of as hyper-
parameters, since prior information on them would provide a better determination of
the underlying topic distributions.

5.1.2  Demixer algorithm beyond the ideal case

In the above paragraphs we have shown a method for extracting two topics from
two samples that contain different mixtures of said topics in an ideal case. In the
real case scenario the procedure is highly different and many factors may affect the
conclusions. For example, the minimum in Eq. 76 may not correspond to the true
minimum due to the data uncertainties; or one of the underlying distributions may
not have an anchor bin; or the signal or backgrounds distributions may be different in
Mj and M;. In the following paragraphs we perform a brief study on how some of
these real case scenario factors may affect the extraction of topics and fractions. In this
overview we neglect experimental factors such as statistic and systematic uncertainties
and we focus in studying cases where some of the hypotheses needed for the Demixer
algorithm procedure are not satisfied. A more exhaustive study scrutinizing the effect
of all these factors lies beyond the scope of this Chapter. Nevertheless, it would be
useful for further understanding the reliability of the Demixer algorithm in particle
physics where not only the ideal case is always far from reality, but also because the
topics (and their fractions) are not abstract distributions but instead are meaningful
physical quantities.

Let us consider the cases in which the mixture samples stray from the optimal
conditions for demixing. In order to keep track of these conditions, we define the two
basic hypotheses as:

» Hi: Mutual irreducibility. Both underlying signal and background have anchor
bins.

= H2: Same underlying distributions. The two samples are sums of the same
signal and background distributions, differing only on the fractions.
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In many real case scenarios H1 is relaxed either because mutual irreducibility is a
priori unknown, or because it is well known that one of the underlying distributions
does not have an anchor bin. Relaxing H1 means that the reconstructed topics now
match background-subtracted-signal distribution and signal-subtracted-background
distribution, as in Eq (79). However, if one knows the reducibility factors ksg and
KBs, inverting this system of equations would yield the true underlying distributions.
In such cases one option is to resort to either theoretical or experimental arguments,
or simulations in order to estimate the value of the reducibility factors. In the same
direction, one could justify that one of the reducibility factors is zero —or negligible—
and extract useful information, even though the other is unknown. In fact, as shown
in Ref. [202] or in Eq. 79, this means that one can reconstruct the distribution that has
an anchor bin exactly without recurring to additional information.

In order to quantitatively discuss deviations from H2 we need to quantify the dif-
ference between probability distributions. There are many options to quantify the
difference between two curves. We decide to use the Hellinger distance [204] which is
defined as

d2,(Pa,Pg) = ;de (WA(X) — \/PB(X))Z — 1 —de\/PA(x)PB x).  (80)

because it is a natural distance to use for probability distributions. This distance has
the property that it provides a relative enhancement in importance to regions with
smaller values through the use of a square root. Because of this, the Hellinger distance
is more sensitive to differences in the small probability regions, which are the regions
where the anchor bins are located. It is worth mentioning that we have verified that
using other notions of distance such as L! or L% does not yield qualitative changes to
our conclusions.

With this notion of distance, we can measure the Demixer performance when the
hypothesis of same underlying distributions is not fulfilled. We define 65 g to quantify
that either the signal or background distributions can be different in each sample:

s = dn(Ps,,Ps,)
o = dn(Ps,, PB,)-
Here the sub-index 1 or 2 refers to the underlying distributions in samples M; and

M;, respectively. To determine the performance of the algorithm, we can measure
how good signal and background reconstruction is by defining the distances

As; = dn(Prg, Ps,)
Ap, = dH(Pry, Ps,).
Since sample M is the one with larger fraction of signal, and sample M, the one with
larger fraction of background, we define for practicality As = As, and Ag = Ag,.
In order to deviate from the second hypothesis without deviating from the first, we
keep the same notion of mutual irreducibility when in presence of four underlying

samples Ps, ,(x) and Pg,,(x) by modeling the deviation between underlying samples
to be generated by multiplicative noise, that is

Ps, (x) = Ps, (x) (1 + &s(x))

with a noise function &s satisfying

jdx Ps, (x) Es(x) = 0 (81)
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to keep Ps,(x) normalized. For the background we have analogous relationships ex-
changing S — B and 1 <+ 2. Ps, (x) and Pg, (x) are thus the reference distributions for
signal and background, respectively.

To better explore the Demixer algorithm conditions and their subsequent relaxation
we split the space of possible combinations into a few cases. For H1 we have either

= Case a) Mutual irreducibility
= Case b) Only one anchor bin
= Case c¢) No anchor bins

If H2 holds, in case b) the algorithm still recovers correctly the distribution that has
the anchor bin. If in addition the reducibility factors are known, in all three cases the
Demixer works in recovering underlying distributions. For H2 we distinguish three
cases:

» Case 0) Ps, (x) =Ps,(x), Pp,(x) =Ps,(x)
» Case 1) Ps, (x) # Ps,(x), Pg,(x) =Pg,(x)
» Case 2) Ps, (x) # Ps,(x), Pg,(x) # Pg,(x)

Case 0) is where H2 holds. For case 1) there is a mirrored case that occurs by switching
between S and B labels. Case 2) is the most general one, and can be particularized to
the other cases for either dg — 0,05 — 0 or both.

We can see how the Demixer works when H2 does not hold. In this case the factors
Kij get modified due to the difference between underlying signal and background

distributions
1y — (1 —ﬂ) Pg, (xs) G — (fz> Ps, (xB) (82)
1—f2) Pg,(xs)’ f1) Ps,(xg)’
As we parametrize the difference between functions as a multiplicative noise, we get
1 - f] 0 fz 0
K12 <1f2>( +&p), K21 <f1>( +&3) (83)

Here E,% and E,(S) are the values of the noise functions at the anchor bins, which should
not be confused with the functions &g (x) and &s(x). Performing the maximal subtrac-
tion on sample M; yields the signal-topic

(1—F2)f1 —f2(1T—F1) (1 + Es(x)) (1 +EF)
1—f2—(1—f1)&3
(T—f1)(1—f2) (E(x) — £Y)
1—f—(1—11)&3

Prs(x) = Ps,(x)

+Pg, (x) (84)
The background-topic is found by replacing f; — 1 —f,, f, — 1 —f7, and flipping B
and S labels. We can first consider the simpler case 1), which corresponds to P, (x) =
Pg,(x). In this case the expressions simplify to

Prg(x) = Ps, (x) — 3 Ps, &s(x) (85)

f1f2E2 ) f1f2 (Es(x) — €2)
R P
) s:(x) f1—f2(14+&2)

Pr, (x) = P (x) <1 + (86)
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We can see that in general the signal reconstruction is better than the background
reconstruction, as the expression involves only the underlying signal distribution,
whereas the background topic involves both signal and background distributions in
addition to denominators which may enhance the disagreement between P, (x) and
Pg(x). More quantitative statements can be made, by calculating the distances Ag, As
and ds. For instance, by computing As using Eq. 85 and expanding in s we obtain

As = dH(PTS,PsJ:[“ﬁ__ﬁf);Z] 23@\/de1351(><)£§(><)
(1—f1)f2
_ [f]_fz] du(Ps,, Ps, ).
[0 =1)f2
- [ 7

We see that Ag, a measure on the performance in the signal reconstruction, follows a
linear dependence on the distance between the two signal distributions, which mea-
sures the breaking of condition H2. We also observe that the slope is simply a func-
tion of the signal fractions in the samples f1,f,, and that by increasing f7, that is the
amount of signal in sample M, this slope decreases. This reflects the fact that the
purer the samples on a given distribution, the better the reconstruction of the corre-
sponding topic.

To better visualize the above results, we have performed numerical simulations by
scanning on different function and noise shapes. We have used Gaussians for the
S and B distributions, randomly sampling their means and deviations and keeping
only cases with mutual irreducibility under a certain tolerance. For the noise func-
tions &g g(x) we sampled randomly for each bin a value between [—0.1,0.1], then we
rescaled the functions in order to satisfy the relation Eq. 81 (and the analogous for the
Pg(x) distribution). Then two mixture samples having fractions f; = 0.45, f, = 0.22
were generated by adding the underlying distributions.

Using these simulations we have computed the distances for each topic. Each simu-
lated point corresponds to a pair of mutually irreducible functions Ps, (x) and Pg, (x),
and two noise functions &g, &g of the same amplitude. In Fig. 34 we plot of these
distances for Case 1), which corresponds to setting Pg, (x) = Pg, (x) and using a single
noise function &gs(x). We see the linear dependence in signal reconstruction with the
signal difference 5s. We have verified a similar result for other distances such as L'.
This behavior is well explained by Eq. 87. These points can be linearly interpolated
for different values of f1 > f;, to see that the slopes follow the predicted values. From
Egs. 85 and 86 one can see that the background topic is expected to be noisier. In fact,
one can see from the right-hand side in Eq. 87 that for fixed 85, the distance Ag, is ap-
proximately constant. Whereas the same procedure for Ag is more involved due to the
other factors present in Eq. 86 which yield stochastic noise. We also see in Fig. 34 that
the Hellinger distance Ag is an order of magnitude larger than 0s, showing that the
background reconstruction is sensitive to the distance between the underlying signal
distributions &s. We find less enhancement if the L' distance is used.

For Case 2), with different signal and background distributions in each sample M;,
reaching a closed form for the distances Ag and As is considerably more involved.
We have computed numerically these distances using the same simulation scheme as
in the previous case and plotted the results in Fig. 35. For easy visualization, we plot
the distances as a function of g in the left panel and as a function of 8s in the right
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Figure 34: Testing H2 under case 1). Scatter plot of distance between the reconstructed signal
and background topics and the corresponding underlying distribution as a function
of distance between the two underlying signal distributions. We show in dashed
black the line given by slope (1 —f1)f2/(f1 — f2) from Eq. 87. The vertical axis
corresponds to As, for orange (square) points and to Ag for blue (circle) points.

panel. We extend the range of 6 in the left panel to the region where 65 < 65 and
verify that we recover Fig. 34 in the limit 6, — 0. In the right panel we only plot
points where ds ~ dg. From using specific forms of &(x) noise functions one can infer
that the topic with more fraction in the samples is the one that would have a better
reconstruction. We have verified this statement by simulating many cases as in Fig. 35
with different fractions. As we work with signals that are rarer than background even
in the signal-enriched mixture, this means that we expect a better reconstruction of
the background than of the signal.

[53 55‘

Figure 35: Testing H2 under Case 2. Scatter plot for Ag and Ag as functions of 6 and &5, for
fractions f1 = 0.45, f; = 0.22. In the left panel we have extended the simulations to
also include values of g well below ~ 0.01, in order to make the connection with
Fig. 34 in the limit 6, — 0. Vertical axis is as in Fig. 34.

From the above results we observe that there is an interplay between the distances
of the underlying distributions and the fractions of purity of each topic in the samples
to determine which topic is better reconstructed and to what extent. For instance, in
Fig. 34 we see that having a non-zero distance between the signal distributions results
in the background being less well reconstructed than the signal. This statement is still
valid for specific values of the fractions f; that increase the slope of the orange points,
reaching the limit in which both topics are equally reconstructed. On the other hand,
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in Fig. 35 we see that for s ~ dg # 0 the value of the fractions f; is the one that
determines which topic is better reconstructed.

As a summary of the above paragraphs, we can extract some useful statements
regarding the validity of the Demixer when the working conditions do not fully satisfy
the H1 and H2 hypotheses.

= When mutual irreducibility is not guaranteed, if one of the topics has an anchor
bin, then this topic is better reconstructed by the algorithm. (Case b0).

» If the underlying distributions for one topic are different in the two samples Mj,
and the other topic has equal underlying distributions, then the former is the
one with better reconstruction. (Case al.)

= If both topics have different distributions over both samples, then topic recon-
struction is mainly ruled by sample purities. If samples are mostly background,
then background reconstruction will be better than signal reconstruction, and
vice-versa. (Case a2.)

In the next Section we apply what we have learned to the case of 4-top production.

5.2 4-TOP PRODUCTION

The 4-top final state at the LHC is a very busy channel with a high degree of diffi-
culty to reconstruct. In addition, this signal and its backgrounds suffer from important
Monte Carlo uncertainties. It is therefore an attractive channel in which to apply the
Demixer algorithm and where we can expect to find many of the difficulties discussed
in Section 5.1.

To choose the final states in which to apply the Demixer algorithm, we note that the
algorithm requires a non-negligible fraction of signal in each of the samples. Consid-
ering the top-quark Branching Ratios and background processes, we find it suitable
to focus on the same-sign dilepton channel where the main backgrounds are ttW
and ttH with the W decaying leptonically and the H decaying semi-leptonically or
leptonically through WW*. This channel provides the highest signal to background
ratio, provided we take the appropriate cuts beforehand as in Ref. [26]. We have
performed event Monte Carlo simulations of pp — tttt up to detector level using
MadGraph5_aMC@NLO [12] for matrix-level process, Pythia 8 [16] for showering and
hadronization and Delphes 3[18] for detector simulation, following the same basic
cuts as in Ref. [26] but at leading order and with only up to one extra parton. We have
set the mixture fractions to agree with the event yields reported in Ref. [26].

In order to have a good demixer we need to find two sets of observables as uncor-
related as possible, one to define M; and M, and the other one to play the demixing
variable x as defined in Section 5.1. Uncorrelated sets are needed to provide the ap-
proximately same underlying distributions for signal and background in both samples
and comply with the H2 hypothesis. A naive set of observables from which to choose
is Ny, Nj and the pr, energy, n and ¢ from all the reconstructed objects in the event. In
order to do a simple demixing model, we choose only one variable to define M and
M, and another one to demix on. This is detailed in Subsection 5.2.1. We also perform
a multidimensional demixing with a Machine Learning algorithm encoding the mul-
tidimensional space into a single observable, what is called the CWoLA method [72],
in Subsection 5.2.2 and we find that it does not show considerable improvements for
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our current set-up.

5.2.1  Nj demixing

On physical grounds, the most direct distinction between signal and background
would be the number of b-tags (Ny). Observe that the same sign dilepton channel
has the special feature that none of the backgrounds has more than 2 b-jets. Mean-
while, and as showed in Ref. [28], the number of reconstructed jets (Nj;) is also a good
discriminator between signal and background. We consider these two variables to per-
form the M; definition and the demixing, leaving pr, energy, n and ¢ for setting cuts
to accept or reject reconstructed objects such as leptons, jets or b-jets. To comply with
the H2 hypothesis as much as possible we require the two background processes ttW
and ttH contained in both M; to yield approximately the same underlying distribu-
tion on each sample. Since these backgrounds have different number of jets at parton
level, it is suitable at this level to avoid dividing the samples using N; because the rel-
ative proportions of these backgrounds suffer a non-negligible change in each sample,
yielding different underlying distributions for the background. In addition, Ny, is a
variable with very few discrete values to use as a demixing observable. Therefore, we
define the samples as

My : Events with 3 b-tags,
M, :  Events with 2 b-tags.

whereas Nj is the variable over which the demixing algorithm is applied.

Using the above M; definition we can construct the two mixture samples from the
simulated events. We show in Fig. 36a the distribution of M; in N;j. As expected, the
M7 mixture —which has the largest fraction of signal- is shifted towards large N; with
respect to the M, mixture. We have computed that the two distributions would be
distinguishable at a ~ 30 level at the Nj = 7 bin with full LHC Run 3 luminosity.

0.6 ° M 07 —
0.5 061 * fi=045f =022

05 =031 =014

NJ Nl

() (b)

Figure 36: a) M1 (Np = 3) and M (Ny, = 2) distribution over N;. b) Reconstructed underlying
distributions using the Demixer algorithm. Solid lines represent the reconstructed
topics after the Demixer algorithm is applied to the left panel samples. We also
show in dotted and dashed the truth-level underlying distributions in each mixture
sample.

We can apply the Demixer algorithm as described in Section 5.1 assuming, in a first
step, that the data complies with the ideal case’s two hypotheses H1 and H2. Since
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we can expect from general grounds that the background distribution goes to zero
for large N; faster than the signal distribution, it is reasonable to expect a good back-
ground reconstruction. We plot the reconstructed underlying probability densities as
well as the truth-level topic distributions in Fig. 36b. As expected, the background
underlying distributions are approximated properly by the background reconstructed
topic through the algorithm. As studied in Section 5.1, this is because the background
has a proper anchor bin at large Nj, it has similar distributions in M; and M; and also
because it is present with a larger fraction than the signal in both samples. Conversely,
the reconstructed signal topic does not match the underlying signal distributions be-
cause of the lack of an anchor bin. As discussed below, obtaining a trustworthy back-
ground distribution in the signal region from data provides a new way of tuning the
Monte Carlo event generator in the signal region.

Further analysis of the Demixer algorithm indicates that the reconstructed fractions
misestimate their true values by ~ 30%. This result is obtained through a Monte Carlo
independent algorithm and the shift is within the order of magnitude of the usual
Monte Carlo normalizations performed in 4-top signal and background predictions.
Moreover, this result is the product of applying the Demixer algorithm assuming H1
holds, which we know is not true from theoretical grounds as the signal populates
all Nj bins. As a matter of fact, we can see in Fig. 36b that the algorithm yields a
background-subtracted signal distribution which assigns a zero probability to N; = 5.
Therefore, we can still improve this result at the price of including Monte Carlo inputs.

As a second step, we address the H1 violation by using the defined workaround for
the absence of anchor bins: the k factors defined in Section 5.1. These k factors can be
understood as hyperparameters in the algorithm that model our prior understanding
of the underlying topics. We can study the performance in the reconstructed fractions
using the hyperparameter plane (ksg, kgs). In Fig. 37 we scan on these « for the
real case of different underlying distributions in both samples (Fig. 37a) and for the
adjusted case of equal underlying distributions in both samples (Fig. 37b). In both
cases we see that using the prior theoretical knowledge that ksg > 0, and tuning
manually ksp to larger values while leaving kgs = 0, pushes f'f /f1 to one. Moreover,
we can see that when the underlying distributions are not equal in both samples
(Fig. 37a), the «’s that correctly reconstruct f§/f1 do not coincide with the solution
corresponding to the correct underlying distributions. This is reflected in Fig. 38
where we show how by manually tuning ksp to larger values we reach a solution in
which the fractions are correctly reconstructed, but not the distributions, and then vice-
versa. This behavior is still obtained if one also varies kggs, since the reason behind
this disagreement is that Hz is not fulfilled.

If, on the other hand, we satisfy H2 by forcing to have same underlying distribu-
tions (Fig. 37b), we can tune the hyperparameters ksg,gs to correctly reconstruct the
fractions and the distributions. For the sake of completeness, we show in Fig. 39 the
output for the demixing algorithm in this case. The plots in Fig. 37 show the sensi-
tivity of the algorithm to H2, as noticed in Section 5.1. We also see in this figure that
the correct solution is more sensitive to ksg than to kgs. This is expected, since the
background does have an (approximate) anchor bin, and thus kgs is expected to be
close to zero.

In Section 5.3 we complete this discussion with possible methods to combine the
Demixer algorithm with Monte Carlo simulations to reduce the impact of Monte Carlo
tuning in the extraction of physical quantities from observations while obtaining ac-
curate estimates of the necessary k factors.
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(ksB,kBs) pair are estimated using the underlying distributions in M; and M;.
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Figure 38: Truth-level signal distributions, S and S;, and the background-subtracted signal
topic distribution Sg obtained using Eq. 79 for different values of ksg. Manually
increasing ksp while leaving kgs = 0 yields at some point the correct fractions
but with disagreement of the Sg and Sy distributions (left panel), whereas further
increasing ksp yields correct distributions, but incorrect fractions (right panel). This
is an explicit and graphical demonstration on the sensitivity of the algorithm to Ha.
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Figure 39: Corrected distribution and fractions for the truth-level (ksp, kgs) when forcing the
underlying distributions to be the same. Here Sg and By stand for the distributions
obtained using Eq. 79.
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5.2.2 CWoLA

In Subsection 5.2.1 we detail an implementation of the Demixer algorithm to demix
the 4-top signal probability distribution from two backgrounds in the same sign dilep-
ton channel. The Demixer algorithm, as detailed in Section 5.1, is implemented in a
simple and clear way with only one observable (Ny,) to define the orthogonal regions
M; and M; and one observable (Nj) to demix over and obtain the topics Ts and Tg.
In principle this could be improved as stated in CWoLA [72] with the use of a larger
set of observables that have to be combined in some way to get an optimal classifier
for M1 and M; which corresponds to the optimal classifier for signal and background.
In this sense, the implementation detailed in Subsection 5.2.1 can be regarded as the
naive benchmark against which more sophisticated algorithms should be compared
to see if the increase of complexity is warranted from a performance point of view.
One should keep in mind, however, that to identify the output of CWoLA to the real
signal and background distributions one still has to consider the validity of H1 and
H2 as enunciated in Section 5.1.

In this Subsection we study the use of ML algorithms to search for a better dis-
criminant than using only Nj, while we maintain the definition for M7 and M; as a
function of the number of Ny. This discriminant should provide a better resolution
between M7 and M, while also providing anchor bins for both the reconstructed dis-
tributions. These distributions should be identified with signal and background if the
hypotheses in Section 5.1 are fulfilled.

As we are aiming to obtain an approximation to the probability densities of a multi-
dimensional feature space, a sensible choice would be to use a Neural Network (NN).
We implement a simple Fully Connected Feed Forward Deep Neural Network with
the Keras package [205] for Python 3, which we will refer to simply as an NN. We feed
the NN with the same simulated events, and label the events according to their classi-
fication into M or M,. We test different NN architectures and different observables
of the reconstructed events. We split the samples into training, validation and testing
samples. The training is performed using 200 epochs provided there is no overfitting.
We make use of the classes weights option provided by Keras to account for the differ-
ent number of events for M and M, reported in Ref. [26] without discarding any sim-
ulated event. From each event we extract Nj, the pt and energy of all reconstructed
objects, angular distance between any pair of reconstructed objects, and total trans-
verse energy Hr. In the following we use layers of neurons with ReLu activation func-
tions and a final neuron with a sigmoid activation function forming a feed-forward
NN trained with a binary cross-entropy loss function. The notation for the chosen ob-
servables is Njobject,-Nobject, which means that we use the pt and energy of the
pr-leading N7 and N objects object, and object, and the %(N1 +N2)(N7+Ny—1)
angular distances between all of them. For instance, in “Nj-2leps-2jets” we refer that
the NN is being fed with N;j and all the information of the 2 leading leptons and 2
leading jets in form of p, energy and angular distances between them.

Along Figs. 40, 41 and 42 we show three simple architectures with three different
choices of observables in each figure. We plot the NN output for M; and M, and
the result of using the Demixer algorithm on this output to recover the underlying
distributions and the signal fractions in each mixture. As a general result, we find
that using the b-jets when feeding the NN brings correlation between the demixing
observable and the sample definition which causes the algorithm to fail to reconstruct
the underlying distribution even though the discrimination is efficient. This is ex-
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plained by the fact that we violate H2 hypothesis. If we instead feed the NN with the
leading jets —regardless of whether they are b-tagged or not— then such a correlation
is suppressed and the reconstruction of the underlying distributions is better. We also
find that using less jets proves to be slightly better. In Fig. 10 we investigate NN with
3 layers of 4 nodes each and a final sigmoid node, which we refer to it as “4+4+4+1".
We find that the NN is too simple and the reconstructed and underlying topics con-
sist of tacking lines. In Fig. 41 we add nodes to each layer and use a 32+32+32+1
NN to obtain smoother curves for reconstructed and underlying topics. Adding one
more layer with 32 nodes brings still more smoothness and a good agreement in the
reconstructed fractions as shown in Fig. 42.

We find the best set up by using a 32+32+32+32+1 NN fed with Nj, the two lead-
ing leptons and the two leading jets, Fig. 42c and Fig. 42d. These results should be
compared to Fig. 36. We see that the improvement in performance is not enough to
justify the added complexity of the NN. This lack of significant improvements can be
understood by the fact that Nj is by far the most important feature among the informa-
tion we feed the NN, and it was already present in Subsection 5.2.1. Any future work
on improving these results will thus need to a data representation which improves
significantly on the discriminating power of using N; alone.

5.3 DISCUSSION AND FUTURE

Along previous Sections we have studied how the Demixer algorithm works in
recovering signal and background distributions from mixture samples, and how to
apply these tools to the 4-top process. In this Section we discuss the strengths and
some of the shortcomings of this implementation, along with possible improvements.
We first discuss possible goals relative to the analysis in Section 5.1, when the Demixer
hypotheses are not fully satisfied. We then discuss possible alterations to the Demixer
algorithm implementation presented in Section 5.2 together with its pros, cons, and
features to be further explored. We end with a discussion on how the presented
Demixer algorithm could be implemented to extract physical quantities in 4-top while
reducing the impact of Monte Carlo simulations.

In Section 5.1 we detailed the hypotheses behind the topics and fractions extraction,
exploring what happens when these hypotheses are not valid. There is still many
aspects to explore, both analytically and numerically. For instance, the error propaga-
tion of the Demixer algorithm can be studied for the more realistic case in which the
uncertainty in each sample is taken into account. Error bars in samples Py, (x) and
Pm, (x) would be translated into error bars in Ps(x), Pg(x), along with reconstructed
fractions ffz. Analyzing this error propagation and its dependence on the validity
of conditions H1 and H2 defined in Section 5.1 would be an important step towards
better understanding the algorithm and its potential.

In Section 5.2 we considered how to apply the Demixer algorithm to the problem
of extracting the 4-top signal distribution in the same sign dilepton channel. The
main reasons for choosing the same sign dilepton final state are the relatively high
S/B ratio, and also that this channel has the special condition that all background
processes consist of at most two b-jets at parton level. It is worth noticing at this
point that other minor backgrounds, such as non-prompt leptons and ttZ, have a
similar behavior to the main backgrounds in what concerns to the number of b-jets
and to the anchor bin for large N;. We have also studied other channels such as mono-
lepton, for which we only mention the following results. We find that the S/B ratio,
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Figure 40: Neural Network outputs with three layers of four neurons preceding a single neu-
ron layer fed with three different set of observables with the label representing
whether they belong to M or M. Left panels: Event distribution according to the
trained NN output for the events in My and M. Right panel: Reconstructed signal
(Sr) and background (Bg) distributions and underlying truth-level signal and back-
ground distributions for M; and M, samples (S, S, By and B;). See discussion
in text.

being below O(10~2), makes it challenging to correctly apply the algorithm. Moreover,
even in the hypothetical case that new cuts could increase S/B we find that using
Ny to define the samples and N;j to demix yields different underlying background
distributions, which breaks the H2 hypothesis and therefore spoils the results. In fact,
since in this case ttbb is among the main backgrounds, the relative contribution of this
background to the background topic would change considerably between the Ny, = 2
and Ny, = 3 samples. Despite these difficulties in approaching this channel with the
Demixer algorithm, we still find it an interesting goal, since having a less Monte Carlo
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Figure 41: Idem as Fig. 40, but for a more complex 32+32+32+1 NN.

dependent prediction of backgrounds such as ttbb is an important avenue in 4-top
and in heavy flavour physics.

In Subsection 5.2.1 we have used b-tagging information through Ny, to define the
samples M;, and Nj to demix. An inversion of the roles of these variables would
be an interesting study. Of course, in this case one could not demix using Ny, since
it can take very few discrete values. In fact, to explore an inversion of roles one

should define the samples as —for instance- Mj: N; > 7 (signal enhanced) and M;:

5 < Nj < 7 (signal suppressed), and define a continuous variable considering the
probability of having b-tags within the jets. This variable could be, for instance, the
sum of the MV2c20 [206] variable® of the four leading jets. This type of variables would

This and/or similar variables, and its subsequent development, are the optimal variables on which the
probability density of a light-jet and a b-jet are best discriminated. These are the variables used to define
the b-tagging working points.
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Figure 42: Idem as Fig. 40, but for a more complex and deeper 32+32+32+32+1 NN.

be more suited to the Demixer algorithm and would yield a different performance
when extracting the underlying distributions and the signal fractions. In particular,
since Ny has a larger discriminating power between signal and background than Nj,
one could expect a better performance of the Demixer algorithm.

We have also implemented Machine Learning techniques to explore the ability of
a Neural Network to best discriminate M from M;, and therefore signal from back-
ground. The bottleneck in this direction is to obtain a Neural Network whose underly-
ing output distributions remain as similar as possible between M; and M, otherwise
the breaking of the H2 hypothesis spoils any improvement that could be achieved
through deep learning. We have discussed different architectures and choice of pa-
rameters in Subsection 5.2.2 where we show the demixing result for each case.

Losing physical interpretation on the demixing variable to enhance the discriminat-
ing power yields potential issues in guaranteeing the H2 hypothesis. This in turn is
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translated to a more challenging topic reconstruction. When comparing the CWoLA al-
gorithm to the Demixer performance using Nj alone, we find only moderate improve-
ments. This is because Nj is the main discriminator between signal and background
at this level. It is also worth noting that the Demixer algorithm is a data-driven tech-
nique that does not require training and, using eight iy CPU cores, it performs with
times of order O(1073) seconds while the CWoLA algorithm requires times of order
0(10?) seconds for a simple architecture and a relatively small dataset as implemented
in Subsection 5.2.2. One of the reasons for this difference is the small number of bins
over which we do the demixing. Nevertheless, we consider that more work in this di-
rection, including a continuous variable for the b-tagging information, could improve
the results presented in this Chapter.

We have seen along this Chapter how the algorithm is very sensitive to the Hz2 hy-
pothesis. Since we are including different backgrounds altogether in the background
topic, this makes it easier to break this hypothesis by having different underlying dis-
tribution in each sample. This is in particular a crucial failure for the mono-lepton
channel briefly discussed above. To tackle this issue, it would be interesting to con-
sider a generalization of the Demixer algorithm that can distinguish between the back-
grounds themselves. Work in this direction can be seen in the Factorized Topic Mod-
eling section of Ref. [98].

We end this Section with a brief discussion on how the obtained results using the
Demixer algorithm on 4-top could be used to reduce the impact of Monte Carlo sim-
ulations and its tuning in the extraction of an absolute physical quantity such as the
4-top production cross section, o(tttt). As discussed at the beginning of this Chapter,
we consider that it is not possible to avoid a Monte Carlo dependence to measure
a quantity such as o(tttt), which can be compared to theoretical matrix level calcu-
lations. However, reducing the impact of these predictions and tunings is a crucial
task in the 4-top final state which has many complex ingredients such as ISR/FSR,
hadronization, jet reconstruction and isolation, among others, which still need to be
further understood.

The Demixer algorithm applied to 4-top as implemented in the previous Sections
yields a reasonably reliable distribution for the background topic, since the back-
ground fairly satisfies having an anchor bin and has more purity in both M; samples.
This is an important result because it provides a Monte Carlo independent predic-
tion for the background in a region where signal is expected. Therefore, one would
be implementing a data-driven Monte Carlo tuning for the background in the sig-
nal region: tune the Monte Carlo pipeline to reproduce the background shape in N;
extracted from the Demixer algorithm. In contrast to usual Monte Carlo tuning in
control regions, where one needs to assume there is no signal, this kind of tuning has
the advantage that it does not require an extrapolation to different regions in param-
eter space while also accounting for the presence of signal in the region. Once this
is performed, one could use this tuned Monte Carlo to predict the ksg and from this
number extract the shape of the signal distribution in N; from the Demixer algorithm.
A comparison of the signal shape predicted by the tuned Monte Carlo and the shape
predicted by the Demixer once the ksg has been determined, would be a measure of
the success of the method. In such a case, one could extract the fractions of signal and
background in M; and rely on this tuned Monte Carlo to extract the tttt production
cross section.
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5.4 CONCLUSIONS

We have studied the Demixer algorithm as well as some of its limitations, and
applied it to the 4-top signal and its background at the LHC, where many of the
required hypotheses are not fully satisfied.

In real case scenarios the requirements for applying the Demixer algorithm are usu-
ally not exactly satisfied. We have analyzed how the outcome of this algorithm is
affected when some of the required assumptions break down. We find that, to some
extent, the method is still useful. We have shown explicitly how the topics recon-
struction and fraction estimations may shift because of not having equal underlying
distributions in the initial mixture samples and/or there is not mutual irreducibility.
The study is not exhaustive, and we conclude that more work in this direction is
needed to better understand the Demixer algorithm and its scope beyond ideal cases.

We have implemented the Demixer algorithm for the 4-top final state and its main
backgrounds. We have used the same sign dilepton channel which assures a reason-
able S/B and has the special feature that all backgrounds have no more than two b-jets
in their final state. The implementation has been made using simulated events up to
detector level. We have defined the two mixture samples using the number of b-tags,
Np = 2 and Ny = 3, while we have used N; to demix the samples. We have also
essayed to demix using Machine Learning through a Neural Network which best dis-
criminates the mixed samples, as in CWoLA. We find that Neural Network results can
be slightly better, but at the price of considerably hiding the clarity of just using Nj.
Neglecting statistic and systematic uncertainties we have shown that the reconstruc-
tion of signal and background topics is as predicted by the Demixer algorithm beyond
the ideal case: i) A lack of anchor bin in signal causes that only the background is
correctly reconstructed; ii) The signal is correctly reconstructed provided the corre-
sponding reducibility k-factor, which requires input beyond data-driven; and iii) The
estimation of the fractions and reconstruction of the topics yield values somewhat
shifted from its true values due to slight differences in the underlying distributions.
The Demixer algorithm in the described framework without using Monte Carlo in-
puts predicts the fraction of signal in the mixture samples with a misestimation of
approximately ~ 30%.

We have discussed some possible future directions and improvements regarding the
results of this Chapter. For example, one could invert the roles of N, and N; when
defining the samples and demixing, replacing Ny by a more continuous b-tagging
variable. We have proposed to consider the Demixer algorithm to obtain a Monte
Carlo independent prediction for the 4-top background, which would allow to tune
the Monte Carlo parameters for the background prediction in the signal region. This
tuned Monte Carlo could be used as a new tool to extract physical quantities from
the signal region, as for instance the 4-top production cross section, achieving the
purposed goal of reducing the impact of Monte Carlo in the extraction of physical
quantities.

4-top is a very challenging final state within any framework and the Demixer algo-
rithm is not the exception. The actual implementation of the algorithm for 4-top at
the LHC along the lines presented in this Chapter would require the full LHC Run 3
dataset, and still many experimental aspects and uncertainties would have to be fur-
ther analyzed. Among the main issues to be addressed in a real implementation, we
can mention that a better discriminating variable than N; that could provide an im-
proved differentiation between the mixture samples would be a crucial milestone. We
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present the results in this Chapter as an alternative step towards reducing the impact
of Monte Carlo generators in the extraction of physical quantities in 4-top physics.






LDA FOR LHC

In this Chapter we build upon a technique proposed in Ref. [100] to classify jets
and events within a single mixed event sample. The tools used by this technique
have been developed in a branch of Machine Learning called generative statistical
modeling [71] with the primary goal of identifying emergent themes in collections of
documents. To accomplish these, the generative models infer the hidden (or latent)
structure of a document corpus using posterior Bayesian inference based on word and
theme co-occurences [207-213]. Using the example of jet substructure observables
based on the clustering history, Ref. [100] provides an statistical mixed membership
model of jet substructure. In particular, using the model of Latent Dirichlet Allocation
(LDA) [208], which can be solved efficiently using Variational Inference (VI) [214]
techniques, Ref. [100] was able to define robust parametric jet and event classifiers.

In the present Chapter we provide further details on this approach, building upon
the basic assumptions and premises about the relevant measurements/observables
and their statistical modeling in order to construct relevant and practical generative
Bayesian models for particle physics event classification, in particular LDA. We also
provide further justification for why jet clustering history observables are a particu-
larly interesting and applicable example for these methods. Finally, we perform a
systematic study of the parametric and Bayesian prior dependence and performance
of VI and LDA, respectively, based on two representative examples of boosted tt
events and events containing hypothetical Beyond the Standard Model (BSM) boosted
colour neutral, but hadronically decaying scalars [74, 81, 87, 215, 216]. In particular,
we identify perplexity as a robust measure of LDA and VI performance which does
not rely on access to labelled data while being correlated with traditional classifica-
tion performance measures like tagging efficiency and mistag rate. We then use this
unsupervised criteria to identify the most suitable parameter and prior ranges for the
example datasets.

This Chapter is based on work done in collaboration with Barry M. Dillon, Dar-
ius A. Faroughy and Jernej F. Kamenik in Ref. [217] and is structured as follows. In
Section 6.1 we outline the statistical premises and introduce the Bayesian generative
models upon which LDA is based. We also provide details of LDA training and in-
ference methods and how they can be applied to event classification. In Section 6.2
we apply the general framework to the multi-jet event data in the form of jet cluster-
ing history observables and discuss the most appropriate data representations. The
benchmark event samples used for our study are introduced in Section 6.3, where we
also discuss the data preparation steps that need to be considered when using LDA.
Section 6.4 contains the main results of our systematic study of LDA based classifica-
tion methods applied to the example datasets. Finally we summarize our conclusions
and provide an outlook in Section 6.6. All necessary code to reproduce our results is
available at Ref. [218].
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6.1 PROBABILISTIC GENERATIVE MODELLING FOR COLLIDER EXPERIMENTS

The goal in high energy collider experiments is to gain understanding of the hard
collisions resulting from the underlying physical processes taking place at very high
energies during the events. Each event can result in anywhere from O(10) to O(1000)
particles being detected away from the beamline and the detector records the energy,
momentum, and tracking information of these particles. One must then analyse this
high-dimensional dataset and compare it to what is expected from theoretical predic-
tions in order to gain an understanding of the underlying physics.

To perform this analysis in practice the dimensionality of the dataset must be dras-
tically reduced. The choice of dimensionality reduction depends on the type of un-
derlying physics one wants to study and typically involves some combination of jet
clustering and grooming, pile-up subtraction, the use of certain high-level observables,
and performing cuts to remove unnecessary elements of the dataset. Once the dataset
has been processed and the relevant high-level observables have been obtained, a
statistical analysis comparing the measurements with the theoretical predictions can
quantify how much a particular physics model agrees with the data.

Bayesian probabilistic generative modeling is an unsupervised machine learning ap-
proach in which one constructs a probabilistic model for a dataset, and then uses ap-
proximate inference techniques to estimate the parameters of this probabilistic model
directly from the data. If the probabilistic model is a good approximation to how the
data was actually generated, this in turn allows to identify patterns in the dataset.
In our case these patterns could contain important information on the underlying
physical processes registered in collider events.

In order to study our dataset, it is useful to think of a single evente; (j =1,2,...,Ne)
as the finite list of measurements e; = {0j,1,0;,2,...}, where 0;; (i =1,2,...,N;) are
in general functions (or mappings) of the relevant multi-particle phase-space, that
compose it. This choice of data representation allows us to construct a model for the
events by supposing that the measurements have been sampled from a (presumably
complicated) joint probability distribution p(e;j) = p(0j,1,0j,2,...). This is the starting
point for the unsupervised analysis techniques used in this Chapter.

Writing a general statistical model describing the generative process of events is
usually not possible in practice. To proceed, it is necessary to impose a set of simpli-
tying assumptions on the joint probability distribution. The functional dependence
of this distribution on o0j; must be flexible enough in order to account for the mul-
tiple physical processes manifest in each event, but it also must be simple enough
such that efficient inference techniques can be implemented. In order to model the
events using the techniques described in this Chapter, the phase-space observables
furthermore need to be labeled and binned so that the possible measurements o; ; are
discrete and finite in number. This requirement allows us to construct probabilistic
models based on multinomial distributions that describe the occurrence of the mea-
surement bins oj; in events. If we were to consider unbinned observables then p(e;)
would be constructed from continuous probability distributions. Moreover, given that
the measurements we work with are coarse-grained due to detector granularity and
reconstruction uncertainties, there is a physical justification to the binning assumption.

We give a brief introduction to probabilistic generative models in general in Subsec-
tion 6.1.1 and to the specific case of LDA in Subsection 6.1.2.
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6.1.1  Probabilistic generative models

In order to introduce the concepts and models used in this Chapter we discuss two
different models for p(e;) of increasing complexity: mixture models, and mixed-
membership models. The starting point for the construction of these models is de
Finetti’s representation theorem [219], which states that if the measurements in the
joint probability distribution are exchangeable then the measurements are condition-
ally independent given some latent variables. The exchangeability requirement simply
means that the joint probability distribution should be invariant under a re-ordering
or exchanging of the measurements. Note that measurement exchangeability is not
to be confused with measurement independence. The former is a weaker condition
that leads to more flexible probabilistic models capable of capturing complicated hi-
erarchical patterns in the data. Formally, the theorem states that the joint probability
distribution can be written as

N;
P(0j1,05,2, -, 0,N;) = J@ dop(0) [ [plo;:l6), (88)
i=1

where 0 (©) represents a hidden latent parameter (space) which is marginalised over
in the joint probability. From the p(0;/0) factor on the right-hand side of the above
equation we see that the conditional independence of the different measurements is
manifest at the cost of the explicit conditional dependence on the latent space variables.
When viewing this result from a Bayesian perspective, the probability functions p(o(6)
represent the likelihood functions while the function p(0) outside of the product acts
as a prior distribution over the latent space. This theorem underpins probabilistic
models such as mixture models and mixed-membership models, which we discuss in
the following paragraphs.

Mixture models

We present one of the simplest probabilistic models for a sample of collider events:
the mixture model. This model assumes there are T different probability distributions
over the measurement bins, represented by p(olt, ) for t =1, ..., T, that can generate
a given event e;. Because of the discrete neature of our observable-space, these prob-
ability distributions are M-dimensional multinomials with M the number of bins in
said observable-space. The parameters of these multinomials are represented by the el-
ements of a TxM dimensional matrix, 3¢, having the property that Zn’\f:1 Be,m =1
for all t. Each row in P contains the parameters of the multinomial associated to
one of the T probability distributions.

A key feature of mixture models is that they assume measurements in a single
event have been sampled from just one of these T multinomial distributions. So for
each event one of the T distributions is selected from another multinomial probabil-
ity distribution p(t/w), where w = (w7,..., wT) are the probabilities to select each T.
They satisfy 0 < wy < 1and Y| w; = 1. In this Chapter we refer to each T latent
multinomial distribution as a ‘theme’, a term inherited from the field of topic model-
ing where these methods were popularised. The w parameters are thus referred to as
theme weights.

It is useful to describe the probabilistic model in terms of a generative process, out-
lining the underlying assumption on how the events were generated. The generative
process for a collection of events in a mixture model goes as follows:
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1. Randomly sample a theme t; ~ p(tlw).

2. Randomly sample a measurement o;; ~ p(olt;, B).
3. Repeat step (ii) for each measurement in the event.
4. Repeat steps (i)-(iii) for each event in the sample.

The mathematical structure of the model can be realised by taking the representation
of the joint probability distribution written as in Eq. 88 and defining 6 € R with a
prior distribution over the latent space p(6) = ZIp(GIw)é(G — 1) where p(0flw) is a
density such that p(6=t|w) = w¢. This leads us to the form

T

N;j
ple;) = Y pltjlw) ] plosilt;, B). (89)

tj:1 i=1

The kind of generative processes described here can be thought of as graphical
models [71], which allows us to represent them with a plate diagram: the unobserved
variables (latent random variables and model parameters) are represented by white
circles, observed data (measurements) are represented by shaded circles, while the
conditional dependencies and independent identically distributed i.i.d samplings are
represented by arrows. To indicate that certain steps in the generative process are
repeated, a labelled box or plate is drawn around the relevant parts of the diagram,
with the integer label representing the number of times these steps are to be repeated.

The graphical mixture model corresponding to the generative process described in
Eq. 89 is shown in the upper diagram in Fig. 43. We see there that the free parameters
of the mixture model, the theme proportions w; and the multinomial probabilities
B+,m, are located outside all plates and thus have to be defined for the whole event
sample in order to initiate the generative process that leads to the measurements o; ;
in the inner-most plate.

In collider physics, event samples arise from a statistical mixture of multiple un-
derlying physical scattering process and each event is a result of one such particular
scattering process. Once the appropiate differential cross-sections are binned, the
scattering processes can be identified with themes in a multinomial mixture model as
described above. Traditionally, the weights w are computed from first principles using
a combination of Quantum Field Theory, Monte Carlo event generators tuned to data
and experimental knowledge of the detector response. The work detailed in Chapter 5
and Refs. [72, 82] are examples of semi-supervised classification with mixture models,
classifying event samples where the mixture proportions of the themes are a priori
unknown.

There are several drawbacks when using mixture models for (unsupervised) event
classification tasks. These come from the assumption that all measurements in an indi-
vidual event are drawn from one theme. The main (related) issues are the following;:

= Measurements on a single collider event typically receive contributions from
many sources, for example in measuring tt production it is inevitable that much
of the measurements will be of soft QCD radiation rather than the hard decay
products of the top quarks. Mixture models fail by design to differentiate be-
tween different underlying processes in individual events.

= Mixture models are not well suited for modeling datasets where events gener-
ated from different themes share common features. This is not because of the
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Figure 43: The graphical models representing the generative process for Nj measurements
in N events for the mixture model Eq. 89 (upper diagram) and the mixed-
membership model Eq. 91 (lower diagram). See text for details.

mixture models themselves but because of approximate inference techniques re-
quired to extract the themes, see Ref. [208].

In general, mixtures are useful representations of the data if the mixing proportions
w can be computed from first principles or estimated with other means (such as in
(semi)supervised ML), but tend to be less suitable if the weights are unknown, as
is the case with unsupervised searches. Mixed-membership models, which address
these issues in an efficient way, are introduced next.

Mixed-membership models

Mixed-membership models assume T themes as in the mixture model but consider
that a single event is generated from a mixture of themes rather than from a single
theme. Each event e; now has its own theme weights w; = (wj,1,..., w; ). Instead
of parameters, these theme weights are now latent variables of the model. They are
sampled from a prior distribution p(w|«), with o being the parameters of the distribu-
tion. This prior is in general defined over the (T — 1)-dimensional simplex describing
the space of all theme weights (which is the space of T-vectors with positive entries
that sum up to one). The generative process for a mixed-membership model goes as
follows:

1. Randomly sample a set of T theme proportions from the prior, w; ~ p(w|e).
2. Randomly sample a theme t; ~ p(t|w;).

3. Randomly sample a measurement o;; ~ p(olty, B).

4. Repeat steps (ii)-(iii) for each measurement in the event.

5. Repeat steps (i)-(iv) for each event in the sample.

107



108

LDA FOR LHC

We can derive the mixed-membership representation of the joint probability by taking
Eq. 88 and assigning

pl0j,ilw;) Z p(tilw;) plojilti, B), (90)

ti=1

where p(tilwj) = wjy,. Therefore the mixed-membership model probability for an
event is defined by

N; T
p(el) = JQ dLU) p wj |(X H Z t1|w] 0],i|ti/ B) ’ (91)

where Q) is the (T — 1)-dimensional simplex. Note the slight change in notation: the la-
tent space variable 0 from Eq. 88 has been replaced with 0 — wj (and ® — Q) to keep
the notation for mixed-membership models in line with the notation for mixture mod-
els. The generative process for the mixed-membership model is shown in the lower
diagram of Fig. 43. In comparison to the mixture model plate diagram, notice that the
theme selection step is now inside the event plate indicating the mixed-membership
nature of the model. The free parameters of the mixed-membership model are o from
the prior and the multinomial probabilities 3{,m of the themes.

The mixed-membership assumption allows us to model events sharing similar fea-
tures, which was a challenge when using mixture models. It is therefore possible
to model events that are much more heterogeneous. It is also clear that the model
can now describe events where measurements receive contributions from multiple
sources, accommodated now by each event containing measurements sampled from
different themes. Going back to collider physics, these themes represent the differ-
ent archetypes underlying the different physical processes. For example, tt produc-
tion has measurements sampled from the hard tt archetype and from the soft QCD
archetype.

6.1.2 Latent Dirichlet Allocation

LDA is an example of a mixed-membership model, being defined by a clever choice
of the priors over w (p(w|x)) and, when smoothed, 3 (p(n)). This choice is very use-
ful when perform inginference of the model parameters over a corpus to obtain the
underlying themes and weights. Parameter inference is discussed in detail in Subsec-
tion 6.1.3. In particular, choosing the prior p(w|x) to be the conjugate distribution to
the likelihood function makes the parameter inference easier. For mixed-membership
models with a multinomial likelihood, as we have here, the conjugate prior is the
Dirichlet distribution D(-|x). Choosing p(w]|«) in Eq. 91 to be a Dirichlet distribution
leads us to LDA [208, 210].

The Dirichlet distribution defined over the simplex Q is a multivariate generalisa-
tion of the beta distribution over the unit interval [0, 1], reducing to the Beta distribu-
tion for T=2. It is in fact a parametric family of distributions defined by T positive
non-zero parameters & = «1,..., «1 and has the explicit form

) e

D(wla) =
) =TT ) L
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Figure 44: (Left) Three representative Dirichlet priors for T = 2 over the unit interval drawn in
different coloured full lines. The uniform prior D(w1|1,1) is also shown in dashed
grey. (Right) Regions with the same prior shapes projected onto the (X, p)-plane
defined in Eq. 94. The distinct shape inside each coloured region is represented by
one distribution in the left panel with matching colour codes.

where I'(x) is the gamma function. In LDA, the Dirichlet prior encodes prior infor-
mation on how we expect the themes to contribute both to individual events and
to the whole sample of events. It does this by influencing the possible proportions
wj selected in the generative process. For example a particular choice of parameters
() could define a model in which one particular theme contributes much less to in-
dividual events than another, or it could define a model in which some events are
composed almost exclusively of one theme while others are more equal mixtures of
several themes.

As mentioned in the introduction to this Chapter, we are concerned solely with
scenarios in which only two themes are relevant. We therefore focus on the T=2 case
where the Dirichlet prior reduces to a Beta distribution. For each event we sample a
variable w; from the Dirichlet (Beta) distribution representing the proportion of the
first theme p(o|1, 3), while the proportion of the second theme p(ol2, 3) is given by
w2 =1 —wj. In this two-theme scenario, the analytical form of the Dirichlet is given
by

Flog +02) o1 a—1
F(oq)r(ocz) w] (1 —(U]) s (93)

where for now we drop the j subscript labelling the event. When inspecting the above
distribution family for different values of the & parameters, one identifies several cases
that give rise to different types of distribution shapes. These different shapes encode
different assumptions about the event data. For instance D(w1|1,1) corresponds to
the flat distribution over the unit interval and would describe events for which the
occurrence of either theme in an event is completely random (shown in gray dashed
line in Fig. 44). The other, more interesting, shapes are the following;:

D(wilar, o) =

1. a1 <1, op <1: bi-modal distributions (shaded in red in Fig. 44) with two maxi-
mums at the boundaries of the unit interval (w; = 0 and w = 1). Physically, this
scenario describes samples for which one group of events have measurements
predominantly sampled from the first theme, and another group for which mea-
surements are mostly sampled from the second theme. The relative size between
each group of events is controlled by the ratio o, /.
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2. &1 >1, ay <1: uni-modal distributions with a maximum located at one bound-
ary of the interval and the distribution tail stretching towards the opposite
boundary (shaded in yellow in Fig. 44). In this case we expect most events
to be generated mostly by one predominant theme.

3. 1 > 1, ap > 1: uni-modal distributions with one maximum located at w; =
oq‘i%;;_Z and two tails stretching towards both boundaries of the interval (shaded
in blue in Fig. 44). In this case we expect the bulk of events to be generated by
non-negligible mixtures of both themes, with very few events where just one
theme completely dominates. However the exact distribution depends strongly

on the hierarchy between 7 and «,.

In the following sections we will rely on a useful re-parametrization of the Dirichlet
where we trade the (1, xz) parameters for (Z, p) defined as

2

I=x+a, p= (94)

xq
By convention we have fixed here «; < o and thus 0 < p < 1. The p parameter
controls the asymmetry in the shape of the Dirichlet distribution. In Fig. 44 (right)
we present a visualisation of the different shapes taken by the Dirichlet distribution,
in terms of these p and L parameters. The smaller p is, events are more likely to be
composed of measurements drawn from the first theme (t = 1). A way to see this is
by considering the expectation for sampling the themes from the Dirichlet during one
measurement sampling:

1
Ep[prwr +p2(1 —wq)] = Jo dwi D(wile) [wipr + (1 —w1)p2]

P1+0PP2

Trp (95)

where p¢ are shorthand for the theme multinomials p(olt, f+m) and Ep[-] denotes the
expectation with respect to the Dirichlet distribution. To derive this we have used the
expression for the mean value

1

U8 plwi] 5o

This indicates that in the limit p — 0 of asymmetric Dirichlet priors there will be a
prevalence of the first theme over the second theme when sampling measurements for
an event, while in the limit p — 1 the priors become symmetric and events will tend
on average to have measurements coming from both themes in similar proportions.

The parameter Z, on the other hand, controls to what degree individual events in the
model are described by mixtures of themes for a fixed value of the asymmetry param-
eter p. In other words, X controls to what degree the model is a mixed-membership
rather than just a mixture model. For large X we expect that events are generated from
mixtures of both themes, whereas for £ < 1 we expect that events are generated from
pre-dominantly one theme.

In fact, it is known that the Beta distribution will approach the Bernoulli distribution
in the limit of £ — 0 with fixed p. In general, a Dirichlet for T themes will approach
a T-dimensional multinomial distribution in the limit Zzﬂ ot — 0 [220]. In this
limit the Bernoulli probability p is equal to the expectation value of the Dirichlet, -1—

7 ] + p .
Therefore in the £ < T limit each event is approximately generated by just one theme,
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Figure 45: The graphical model of smoothed LDA.

and the LDA mixed-membership model tends to the mixture model described above.
In this limit, when you sample (wj,1, wj2) from the Dirichlet for every event, the only
weights that have non-zero probability are (w;; =1, w; > = 0) and (wj1 =0, w; 2 = 1),
where the probabilities for selecting each of these from the Dirichlet is 1/(1 + p) and
p/(1+ p), respectively. In this mixture model limit p takes on the role of the ratio of
theme weights w1/w;. In Fig. 44 we can thus identify the boundary at the y-axis as a
mixture model with wi/w;, = p.

On the other hand, insight into the different weights for each theme across the
sample can be gained by observing that the variance of the theme sampling during
one measurement sampling is

! 2
_l_
Varp [prwr +p2(1—wq)] = J dwy D(w1|x) [wm] +(1—wi)p2 _%

0

_ o (p1—p2)?
T (+p2 Z(z+1) (96)

which indicates that in the limit of large X, for fixed positive p and different measure-
ment probabilities, the weights for each theme are very similar across the sample.

The event samples we analyse can contain anywhere from O(103) to O(10°) events
and the number of unique measurements can also be very large. This means that
the data will be very sparse in some regions of the observable-space, with many oj;
appearing rarely in the sample. This can lead to issues in the inference procedure,
with these rare measurements being assigned zero probability in the themes, which
then leads to problems during the classification of events. This issue can be solved
by the so-called ‘smoothing” of the themes [208]. Smoothing involves placing a M-
dimensional Dirichlet prior on the variables of the theme probability distributions,
ensuring that no measurement can have a zero probability. The generative process is
then augmented as shown in the plate diagram in Fig. 45. In this Chapter we consider
smoothed LDA and we fix each of the M — 1 parameters of each theme Dirichlet prior
to 1/M as default. In the following, whenever we mention LDA we are referring to
this smoothed LDA with default theme priors.

6.1.3 Variational inference

Ultimately, the goal is to estimate the posterior distributions for the variables in the
LDA model given the observation of experimental data. We can write the joint proba-
bility over all events e = (eq,...,en,), for the LDA model as
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Ne Nj T
ple, B, w, tlo,n) oc [ [ [ plosiltsi BIp(tilw;)plw;le) [ [p(BM),  (97)
j=1i=1 t=1

where we have not marginalised over the model variables. On the left hand side of
this equation, w represents the list of theme weights for all events in the sample and
t represents the list of topic assignments for each oj; in all events in the sample. The
joint probability is the probability of having generated these events given the LDA
model with the themes each being sampled from a Dirichlet parametrized by n, and
the theme weights being sampled per event from a Dirichlet parametrized by «. From
this we want to approximate the posterior distribution p(f3, w, tle). Bayes theorem
states that this posterior should have the form

p(B, w, tle) ocple, B, w,t)/ple)

Although the term in the numerator is calculable, the normalization term known as
the evidence presents more difficulties. This evidence is an intractable integral and
prevents us from straightforwardly obtaining a closed form expression for the pos-
terior distribution. However, we can obtain an approximation to the true posterior
distribution using approximate inference techniques. Following Refs. [214, 221], we
implement the Variational Inference (VI) method to approximate the posterior. VI
introduces an approximation of the posterior q(§3, w, t)

p(B, w, tle) ~ q(B, w,t) = q(B)q(w)q(t), (98)

where q(f3, w,t) is assumed to factorise in each variable, reflecting how these are
grouped in LDA. The goal of VI is to obtain the q(f3, w,t) function that best approx-
imates the posterior p(&le). It does so by expressing the logarithm of the evidence
as

B ple &) q(&)
=L +KL(q(&)||p(&le)), (99)

where we use & as a shorthand for the model variables (3, w, t) and log is the natural
logarithm. On the right-hand-side of Eq. 99 we have two terms: the Evidence-Lower-
BOund (ELBO) £ and the Kullback-Leibler or KL divergence [222], a positive quantity
that reflects the relative entropy between the true posterior and its approximation. The
KL divergence vanishes only when q(f3,6,t) = p(, 6, tle) and is strictly positive oth-
erwise. The term £ is thus a lower bound on the evidence, which is why it is called
ELBO. Although we cannot compute the KL divergence because we cannot compute
the posterior, we can compute the joint likelihood and thus the ELBO term. Because
the evidence term on the left-hand-side is completely independent of q(f3, w, t), max-
imising the ELBO is equivalent to minimising the KL divergence between q(f3, w, t)
and the posterior. The goal is then to maximise the ELBO with respect to q(f3, w,t)
thus finding a q(, w,t) which is a good approximation to the posterior. VI gives
us a prescription for doing this in mixed-membership models like LDA. As detailed
in Ref. [71], for a factorized approximation q(&) = [[;_; qi(&i) where &; are non-
overlapping sets of parameters we can obtain the expression for the optimal solutions
q; (&)

log(a7 (&) = Eq; , log(p(e, £))) + C (100)
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where the expectation value is taken on all other sets &; following the qj distributions.
We thus have a set of equations that represent consistency conditions to be resolved
iteratively, much like the Expectation-Maximization algorithm used for Maximum-
Likelihood estimates of mixture models.

The LDA model belongs to the conjugate exponential family of models. For these,
one can see from Eq. 100 that the terms in the posterior approximation must have the
following form:

q(tj,i) :Multinomial((bj,i), G=1,...,Ne), (i= ],...,Nj),
q(wj) =Dirichlet(yj,), (G=1,...,N¢), (t=1,...,T),
q(B+t) =Dirichlet(At,;m), (t=1,...,T), (m=1,...,M). (101)

So to optimise q(, w, t) we need to maximise the ELBO with respect to the parameters
®5,i,Yj,t, At,m- Note that there are T(n.+M)+Nj parameters here, where Nj is the
total number of measurements in all events in the sample. Due to the conditional
dependencies and the use of conjugate priors specific to LDA, closed form expressions
of the parameters that maximise the ELBO through Eq. 100 can be written in terms
of each other, as we show below. The VI algorithm then dictates how to update the
parameters iteratively such that it converges to a maximum of the ELBO function.
Due to the large number of events from which we infer the parameters of the ap-
proximate posterior, the basic VI algorithm is inefficient. To implement this in a way
which scales well to large datasets we employ an extension of this algorithm called
Stochastic Variational Inference (SVI). This technique uses results from stochastic op-
timisation methods to speed up the inference by inferring from smaller randomly
sampled subsets of the data on each update. These are called chunks of data, and
their size is determined by the chunk size n.. The algorithm will run for a total
number of passes through the dataset, defined by n,,. We denote the total number of
chunks of data processed by N. The algorithm is thoroughly defined as follows:

= Inputs
Event data, and the approximate posteriors q(t;;) = Multinomial((b]o, ) qlw;) =
Dirichlet(y?,t), q(B) = Dirichlet(?\?,m).

= Outputs
The approximate posteriors q(t;i) = Multinomial(d)}\,'i), qlw;) = Dirichlet(y;.\l't),
q(Be) = Dirichlet(AtN,m).
= Procedure
1. Initialise A{, .
2. For chunksn =1,...,N, do:
e 1 (1=0) , (1=0)
a) Initialise Vi o (1)].,1.L .
b) For iterations1=1,...,L do:

1) Update q(¢;,;) by iterating through j and i and setting

g et O ROl ) ()
i -

s=1°€
(102)

5T () e (S A ) e (TR )
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2) Update q(wj) by iterating through t and setting:

N;j
1 1
ViV =+ Y o). (103)

i=1

3) Check for convergence: if the change in vy is less than the threshold
parameter Yinresh, €nd loop.

4) Set d)j(/?) = d);li‘) and y].(ftl) = ylgk).
c) Update the themes.
1) Update q(p+) by iterating through t and m and setting;

Ne Nj
A = (1 =8A Y 480 [n+) Y oY (0105 =m)
j=11i=1
(104)
d) Evaluate the normalised (per-o;,;) ELBO for this chunk of data from the
dataset, £,. This can be used to check for convergence.

= Return

(N) o (N) (N)
Yie o @i oand Ay

The algorithm makes use of the hierarchical structure of the model, with local vari-
ables (w,t) being optimised until convergence before an update on the global vari-
ables (themes, 3) is performed. While optimising the local variables the algorithm
uses the (1 — 1) approximation of v;. and the (n — 1) approximation of A to
calculate the 1" approximation of ¢j;, before using the I approximation of ¢j; to
calculate the 1! approximation to v;,¢. Once L updates of this sort have been done, or
until convergence has been met according to Yiresh, the themes are updated using the
local variables obtained at the end of the inner loop.

Two specific notations were introduced when writing the algorithm: the digamma
function P (-) in Eq. 102, which arises from the expectation of the natural logarithm of
the Dirichlet distribution {(x) = dlog[l'(x)]/dx, (ii) and the indicator function I(-) in
Eq. 104 which is equal to 1 when the equality in the brackets is true, and equals zero
when it is not.

It is important to note the key role played by the latent variable ¢; ;, which encodes
information on the theme assignment per measurement per event. This variable cap-
tures the co-occurrences between different measurements in the event sample. For
example, if some measurement m’ co-occurs with another measurement m” in many
events, this information is stored by the ¢;; variable and through iterative updates
these two measurements are more likely to end up with large weights in the same
theme distribution. It is through the presence of co-occurring measurements in the
data that this algorithm is able to disentangle different underlying physical processes
occurring in the events, encoding the new information provided by data on the ¢;;
which are then utilized to update the y; ¢ and A¢ ;, parameters. The importance of new
information is controlled by the prior hyperparameters o; and n that enter Eqs. 103
and 104 respectively. Without these co-occurrences, or a method to utilise them, the
best an unsupervised algorithm can do in identifying rare events is to search for out-
liers in the data. Thus searching for these co-occurrences is essential in extracting a
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generative description of the events. We pay particular attention to this in deciding
upon a data representation for our benchmark studies in Subsection 6.3.4.

In this Chapter we have used the implementation of the SVI procedure as described
above within gensim [223], a software package for performing unsupervised semantic
modeling of plain text. The parameters of the SVI algorithm are the chunk size n,
the number of iterations L, the threshold yiyresh, and the number of passes np. The
learning rate 6., is not constant in gensim but follows

b — (105)

(to +m)*’
where 71y is the offset and « is the decay parameter.

This stochastic inference procedure is proven to converge to a local minimum if
S X 180 =oc0and Y % ;82 < oo, which is guaranteed for k € (3,1]. The conver-
gence of the whole algorithm can be assessed using the ELBO, or equivalently, the
perplexity defined as

P =250, (106)

A lower perplexity means that the ELBO is larger and thus the KL divergence between
the posterior and its approximation is smaller. In Section 6.5 we study how the choices
of the offset and the chunk size parameters of the algorithm affect the convergence and
performance of the models as well as their final perplexity.

With the posterior distributions at hand we can perform a fully bayesian treatment
where we account for every possible theme distributions and theme weights of in-
dividual events. We could maximise the posterior distributions with respect to the
variational parameters to obtain the best estimates of the theme parameters and mix-
ing weights for the LDA model. However this is computationally difficult [224]. A
good approximation for the theme parameters and mixing weights can instead be
obtained by simply taking the expectation values,

A At,m
Bt,m =EqBt,ml = =7, (107)
Y o1 Aym
R Yt
@it :]Eq[w]-,t] =" (108)
Zt:] Yj,t

6.1.4 The LDA landscape

In Subsection 6.1.2 we discussed the importance of the hyper-parameters ~ and p in
defining the LDA model, and their physical importance with regards to the dataset.
However in Subsection 6.1.3 we did not update these parameters during the approxi-
mate inference procedure. Although they could be updated through the use of appro-
priate inverse gradients [221], we choose to consider them fixed as hyper-parameters
that define a given LDA model. As we vary these hyper-parameters, we have different
values of the ELBO and a different outcome for the learned themes. For this reason
we refer to a ‘landscape’ of LDA models defined over the hyper-parameters.

A landscape of classifiers

The landscape of LDA models provides different learned themes that could be used
to classify events as either signal or background with varying degrees of success. We
thus say that we have a landscape of LDA classifiers. Essentially, we want to be able
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to cluster events into one of two clusters, € or C;, using the posterior approximation
and the estimates of the theme distributions Bt,m = Bt,m(Z, p) and the theme weights
for each event ;¢ = ®j(X, p). The mixed-membership model assumes that each
event is already a mixture of two types of underlying themes, so we could simply
cluster the events by placing cuts on @j;,; for each event:

(f)j,1 >C = € € Cy,
Wi <c = ¢ €C;. (109)

Classifying events in this way does yield good classification performance, as demon-
strated in Ref. [100]. However, we observe that the learned theme weights are obvi-
ously strongly correlated with the learned themes, and we can actually construct a
likelihood ratio classifier using the learned themes directly:

o (054
Leiz.p =] m

M “ H(mzojli]
~ H (Bz’m> , (110)
1,m

m=1

where I(-) is again the indicator function, equal to 1 when the expression in brackets
is true and equal to 0 when it is not. With the likelihood ratio we also need to perform
a cut in order to cluster the events,

L(glL, p) <c = e €Cy,
L(glZ,p) >c = ¢5€Cy. (111)

The likelihood ratio is a more widely used classifier in the HEP and ML communi-
ties, and in general we find comparable results when using the likelihood ratio rather
than the theme weights, with the former being more stable than the latter.

In expressions 110 and 111 we include the dependence of the likelihood-ratio clas-
sifier on the shape of the Dirichlet prior through the two free parameters ~ and p.
This highlights that the two-theme LDA model leads to a (two-dimensional) landscape
of classifiers L(e;|Z, p), where different choices for the prior shape leads to different
classifiers with varying performance.

Evaluating the classifier performance

Following the standard practices, we evaluate how well a particular classification tech-
nique performs by using Monte Carlo generated data, for which we know the truth
labels. In order to do this, we generate two samples of events, sample 1 and sample 2,
and we produce a mixed sample of events from these pure samples. We train an LDA
model with T = 2 on this mixed sample to extract 2 theme distributions that describe
the data. We then use either the extracted theme weights or the likelihood ratio to
cluster the events in €1 and C;, the goal being clustering events from sample 1 into
C;7 and events from sample 2 into C,. We test how well the algorithm performs using
the truth labelled data. We compute the fraction of events from sample 2 correctly
assigned to € as a function of the cut, €;(c) and analogously we compute the fraction
of events from sample 1 incorrectly assigned to C; as a function of the cut, ¢1(c). The
Receiver-Operating-Characteristic (ROC) curve is then defined as the curve tracing the



6.2 LEARNING LATENT JET SUBSTRUCTURE

true positive rate as a function of the false positive rate €, (¢1). The two measures we
use to evaluate the performance of the LDA models we have trained are

1. Area Under Curve (AUC): the integrated area under the ROC curve.
2. Inverse mistag at fixed efficiency: £f1 (e2 =0.5).

The AUC is a useful statistic when we are interested in the general performance of
the classifier. However, when the experimental analysis is focused on identifying rare
signals in a sample of events the AUC statistic is not always the most relevant indicator
of performance. In fact, what is required is a statistic which demonstrates a strong
rejection of background events coinciding with the acceptance of a moderately large
number of signal events. This is captured by the inverse mistag at fixed efficiency.

Model selection with perplexity

Different classification tasks, determined by the data composition and complexity, re-
quire different Dirichlet prior shapes and thus different hyper-parameters. For in-
stance, we could intend to extract rare ‘anomalous’ events from the data. We would
then like to classify events into two clusters: one ‘normal” cluster C; capturing the
bulk of events (e.g. SM events), and one ‘anomalous’ cluster €, comprised of a rare
events with anomalous features (e.g. BSM). Such a classification is well described by
a two-theme LDA with a very asymmetric prior, accomplished by taking p < 1. As
we vary the hyper-parameters the performance of the classifiers on the classification
task is thus expected to vary greatly. Therefore we need an unsupervised method for
determining a near-optimal choice of the hyper-parameters. Here we propose to do
this using the model perplexity defined in Eq. 106. This is an intuitive choice, since
finding the hyper-parameters which maximise the perplexity is equivalent to finding
the hyper-parameters which maximise the ELBO.

In Section 6.4 we study this strategy in detail by performing systematic scans over
the hyper-parameter space and correlating the relevant classification performance
measures with LDA model perplexity.

6.2 LEARNING LATENT JET SUBSTRUCTURE

In Section 6.1 we have introduced probabilistic generative generative models as a tool
for analysing experimental data with an emphasis in extracting rare signals from a
dataset. As an example of how this works in practice, we apply LDA to the analysis
of di-jet events. In this Section we explain how to represent di-jet events in terms of
a sequence of exchangeable measurements 0j i, discuss how the mixed-membership
model is well suited to describe them and consider possible o;; representations and
bases.

6.2.1 Jet de-clustering and substructure observables

When coloured particles are produced at high energy colliders the subsequent QCD
showering, fragmentation, and hadronization results in many hadrons in the final
state. If the transverse momentum of the initial particle is large enough, all of these
final-state hadrons will be registered by the detector within a single localised region
in (m, ) space. These clusters of hadrons are referred to as jets, and there have
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been many different clustering techniques developed to define jets based on the four-
momenta of the constituent hadrons. Of these different techniques, the sequential
recombination schemes [181, 225-228] have become the standard algorithms for jet
clustering. When applied to data collected for a single collider event, the algorithm
can reduce the complexity of the data to a handful of jets, each representing a final
state of some high-energy parton produced in the hard collision. In order to arrive at
a single clustered jet from hundreds of hadrons, the sequential recombination scheme
goes through a set of pairwise intermediate clusterings in which the four-momenta of
two subjets are combined to form a larger subjet. De-clustering the jet and analysing
these individual splittings can provide crucial information into the physical processes
taking place during the event. For example, if the initial particle is a top quark with a
large transverse momentum, the resulting jet will contain splittings that describe the
decay of the top quark into a bottom quark and a W boson, and splittings describing
the decay of the W boson. These features are readily exploited by existing traditional
top taggers, e.g. Ref. [229].

To analyse di-jet events with the probabilistic generative models outlined in Sec-
tion 6.1, we extract measurements from each of these splittings in the de-clustering
procedure. At each splitting we construct a number of observables using the four-
momenta of the subjet being de-clustered (jo), and the two subjets resulting from the
de-clustering (j; and j,). The process for doing this is straight-forward but we must
decide on a fixed set of observables to use throughout. The choice of observables is
discussed in detail in Section 6.3.

Once we have collected a set of measurements at a splitting, we must then bin their
values. Although this is justified by the detector resolution, the reason for binning is
to provide a reasonable vocabulary for the algorithm to handle in a finite sample. The
relationship between the size of the observable bins and the algorithm performance is
discussed in detail in Subsection 6.3.4. One of these binned lists of observables is what
we refer to as a measurement o;; in the probabilistic model. Because of the binning,
there will be a finite (although possibly very large) number of values that each o; ; can
take.

In addition to the kinematical observables at each splitting we add one more cate-
gorical observable, a label identifying which jet the splitting belongs to. With these
methods we are describing the whole event rather than a single jet, so the information
to which jet a splitting belongs is important to properly characterise the whole event.

Of course, including measurements from all splittings in the jet clustering history
is not necessary, and would hinder the VI algorithm in extracting themes relevant
for describing a potential signal. Thus we need to impose cuts such that most of
the splittings that are irrelevant to uncovering rare signal events are removed. For
example, a simple cut on subjet masses removing splittings of subjets with mo < meyt
could remove many of the soft emissions occurring near the end of the QCD showering
process.

The whole process, starting from the raw event data, can be described as follows:

1. Cluster the event with a large jet radius, and keep only the two hardest jets.

2. De-cluster each jet, extracting a list of measurements at each splitting.

3. Bin the measurements from each splitting appropriately, and assign a label iden-
tifying which jet the splitting belongs to.

4. Apply kinematical cuts on the splittings.
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Figure 46: In the left plot we show schematically how the sequential unclustering algorithm
proceeds, with the whole jet ] being repeatedly separated into two subjets (j; and
j2 with mj, > m;,). In the right plot we show how the feature representation of
the data maps onto this unclustering, with each o; ; being mapped to a node in the
unclustering tree. Note that the ordering of these o;; terms within a single jet does
not matter.

An event is then described by an ordered sequence of o; ; each representing a splitting,
where each oj; consists of a list of binned measurements and a label identifying which
jet the splitting occurred in. A graphical representing can be seen in Fig. 46.

It is important to highlight that this method, and the model in general, does not rely
on any specific clustering scheme and that any set of measurements which describe
substructure kinematics of the jets could be used.

6.2.2  Probabilistic models of jet substructure

At the core of the probabilistic models discussed in Section 6.1 is de Finetti’s theo-
rem. Under the assumption that the measurements o;; used to describe the events
are exchangeable, this theorem allows us to derive, based on additional modeling as-
sumptions, the different latent structures in mixture models and mixed-membership
models. Constructing the o;; variables for jet substructure as described in the previ-
ous Section is in line with the exchangeability assumption. Sequential jet clustering
algorithms do impose an ordering on the splittings due to the pairwise nature of the
algorithms and the procedure through which the next subjets to be clustered are se-
lected. However it is the kinematical properties of the splittings that carry most of
the interesting physical information, not the order in which they occur, as shown in
Ref. [230]. We thus forget the splitting order and focus on the co-occurrences of in-
teresting properties to characterize the relevant physical processes. Thus, the latent
themes in both the mixture and mixed-membership models for di-jet events are proba-
bility distributions over the space of possible splittings (de-clusterings) that can occur
within the two leading jets.

The generative processes for the mixture model and mixed-membership (LDA)
model are of course different. In a mixture model a theme would ideally be asso-
ciated to the specific (hard) partons produced in the collision. Each splitting in an
event described by a mixture model is sampled from just one theme, therefore this
theme must represent all of the physical processes occurring within the jets produced
within that event. In a mixed-membership model however, different themes can be
associated to different physical processes occurring within the jets of a single event.
Each event in a mixed-membership model is composed of a mixture of themes, just
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as there are mixtures of different physical processes occurring within each event. The
theme proportions for each event are selected individually from a prior distribution,
whose parameters are important in the modeling. Measurements in each event are
‘generated’ by first sampling theme proportions from the prior, then for each splitting
0;,i a theme is drawn from the theme proportions, and a splitting is sampled from
that theme.

As an example consider modeling a mixed sample of events consisting of QCD di-jet
events (pp — jj), and top quark pair-production events (pp — tt — (W'b)(W~b) —
jj) where the top quarks are boosted enough such that the decay products of a single
top are clustered into a single jet. The splittings within a QCD jet will be predomi-
nantly soft with the number of splittings at higher k1 being monotonically suppressed.
For the top jets the decay chain also involves many coloured particles (the top, the bot-
tom, the decay products of the W boson), therefore there will be many, predominantly
soft, gluon emissions occurring within the top jets as well. However there will always
also be a few hard splittings corresponding to the decay of the top quark to the bottom
quark and W boson, and the decay of the W boson to light quarks. Using a two-theme
mixture to model this event sample would ideally lead to one theme describing all the
splittings within QCD jets, and one theme describing both the hard (decay) splittings
and soft (QCD) splittings within the top jets. With a mixed-membership model on
the other hand, the soft splittings occurring within both the QCD and top jets can be
modeled by one theme, with the other theme describing just the hard splittings related
to the decay dynamics inside top jets. This seems like a natural setting in which to
search for rare BSM signals in di-jets at high-energy colliders.

6.2.3 Choosing a data representation for the jet substructure

The discussion so far has not been specific about the observables to be measured at
each jo — j1j2 splitting in the jets. In this Subsection we discuss and justify two bases
of observables, with each basis using a different cut to determine which splittings are
included in the analysis. Moreover, in the end we only use a subset of the observables
from each basis, as explained in more detail in Section 6.3.

The first choice is what we refer to as the mass basis, see Refs. [229, 231]:

mass-basis: {my, %(‘), %, :TTO' cos 0} where m; > m;.

These are the mass of the (mother) (sub)jet being de-clustered, the mother/daughter
subjet mass drop, the daughter subjets” mass ratio, the k1 distance between the daugh-
ter subjets defined in the usual way as kt = p1 24, where A2 = (y2 —y1)? + (¢ —
¢1)?, and the helicity angle between the mother (sub)jet and the daughter subjets as
defined in Refs. [232, 233]. In this basis we only include splittings from the jets in
which the subjet being de-clustered has a mass mg > 30 GeV.

The second choice is what we refer to as the Lund basis, see Ref. [230]:

Lund-basis: {mg,log R/A,log kt,logR/x, 2,1},

where Ris the jet radius, z = pr,2/(p11 +PT1,2), k =2zA, P = tan~ ' (y2 —y1)/ (2 — d1),
and pt,1 > pT1,2. In this basis we only include splittings from the jets which lie on
the primary Lund plane. This plane is defined as the path through the clustering
history starting from the clustered jet and continually moving through the pairwise
splittings to the subjet with the largest pt until the end of the clustering history. One
advantage of the primary Lund plane compared to the mass-basis is that it offers a
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clearer interpretation in terms of hard vs. soft (and perturbative vs. non-perturbative)
splittings, see Ref. [230] for details.

We emphasise that these two bases do not just differ in the observables, but the
different cuts make a considerable difference in the splittings which are used for the
description of the jets. In Subsection 6.3.4 we explore how some features of the dataset
change as we vary the binning used for these observables. Here we only specify the
default bin sizes which we use in Section 6.4: for the mass-basis observables we bin
the measurements in intervals of {10 GeV, 0.05,0.05, 0.05, 0.1}, while for the Lund basis
we use {10GeV,0.2,0.2,0.05,0.2,0.2}.

The last thing to discuss in terms of the data representation are the jet labels. In Sec-
tion 6.2.1 we discussed the importance of including jet labels to differentiate between
splittings occurring in the two jets, however we did not specify how these jets should
be labelled. Naively, because we select the jets according to pt, one might choose to
also label the jets in the same way with J; being the jet leading in pt and J, being
the jet subleading in pT, thus labelling with the condition that ptj, > pt,;,. However
this is not suitable in practice. In the top quark pair production example discussed
above, the ordering of the jet labels is not so important, since both jets in the event are
top jets and have the same decay structure. However, one can easily imagine different
signals that are not so simple. In many cases, including the BSM example studied in
this Chapter, the two jets in the final state will have been seeded by two different parti-
cles of different mass and thus they will both have distinctly different decay dynamics.
Being able to differentiate between these different structures is not just important for
classification, but is also important for a physical interpretation of the themes learned
through the VI algorithm. Therefore in the case where the signal events contain two
different jets, we would like to be able to associate the (J1,]2) labels with splittings
from one jet or the other, consistently across the whole sample. This will not happen
if we label the jets by their pT, instead the best way to do this is by labelling the jets
according to their jet mass my, such that m; > mj;.

63 SET-UP AND BENCHMARKS

In this Section we detail the specific set-up and benchmark scenarios we consider,
including the appropriate choice of observable basis and binnings.

6.3.1  Algorithm set-up

As discussed in Subsection 6.1.3, there are a number of parameters that determine how
the VI algorithm is implemented. In our benchmark examples we use the following
choices which produce robust results across a wide range of scenarios: passes n, =
200, chunk size n. = 10%, iterations L = 100, offset To = 1000, Ynresh = 10~8, decay
k = 0.5. These choices are justified in Section 6.5 where we discuss in particular how
changing the chunk size and the offset affects the convergence of the algorithm and
the performance of the classifier.

6.3.2 Benchmark di-jet events

We perform our analysis using two benchmark scenarios, (i) boosted top quark pair-
production pp — tt — bbWTW—, and (ii) a hypothetical 3 TeV vector W' plus a 400
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GeV scalar ¢ model, with the dominant production and decay chain pp - W’ —
W(p — WW). Since our model is built to learn from jet substructure, in both cases
we consider only the hadronic final states of the W bosons. Consequently, the main
background process in both scenarios is the QCD di-jet production.

All event samples were generated using MadGraph5_aMC@NLO [12] interfaced with
Pythia 8 [16] for showering and hadronization, and FastJet 3.4.1 [234] for jet clus-
tering. The events were generated at a collision energy of 13 TeV and the jets were
clustered using the CA algorithm [227, 228] with R = 1.5. No jet grooming was per-
formed. Finally, for tt (W’), jets with pt < 300 (400) GeV were discarded. The detector
effects were not simulated, however we checked that the effects of subcluster energy
smearing consistent with the Delphes 3 [18] simulation of the ATLAS detector had no
significant effect on the results.

Boosted top quark pair-production

In recent years the pp — tt — bbW W™ process has become a standard benchmark
for supervised machine learning applications to particle physics [235]. Although there
is no need for an unsupervised top tagging algorithm, it is a nice example that demon-
strates the power of these techniques by applying them to a well measured and un-
derstood physical process. We plot the pure signal (tt jets) and background (QCD
di-jets) samples in the (mp, mj/mo) and (logR/A,logkt) planes, in Figs. 47 and 48
respectively.

We see in Fig. 47 that the hard splittings corresponding to the decay of the top quark
to the W boson and the decay of the W boson to light jets are clearly discernible. The
top quark decay is indicated by the two clusters (overdensities) of measurements at
mo ~ 175 GeV, with the cluster at m;/mp ~ 1 being due to the clustering of light
radiation around the subjet containing all of the top quark decay products, while the
cluster at mj/mp ~ my//m¢ corresponds to the splitting that separates the bottom
and W subjets from within the top jet. The decay of the W boson is indicated by the
two clusters at mp ~ 80 GeV. Again the cluster at mj/mgo ~ 1 is due to the clustering
of soft radiation around the subjet containing the W boson decay products, while the
cluster at lower mass drop shows splittings that separate the decay products of the
W boson. The fact that this cluster is at mj/mo ~ 0.2 does not indicate that the
W boson is decaying to a state of mass ~ 0.2myy. This feature is an artifact of the
definition of mass drop mj/mo with m; > m; ordering. Because we take m; to be
the heaviest of the subjets in the splitting, the distribution of the mass drop is skewed
away from zero. If we instead had plotted m,/mo we would see that this cluster is
pushed towards m;/mg =~ 0. The (mgo, mj/mg) distribution for the background QCD
jets is smooth and monotonically decaying at large mo and small mj/my.

In Fig. 48 we see that the splittings corresponding to the hard decays of the top
quark and the W boson are indicated by the two overlapping clusters at logkt ~ 5
and logR/A ~ 1. Apart from the obvious difference in choice of observables here,
one should also keep in mind that the actual splittings which pass the cuts here are
different than those that pass the cuts in Fig. 47 as detailed in Subsection 6.2.3. This
choice leads to a larger overlap between the background and signal distributions, as
seen by the stream of splittings at low log k. However, there is still a good separation
between the features that distinguish the tt jets from the QCD background jets.
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Figure 47: Distributions of QCD (left) and tt (right) di-jet events in the (mp, mj/myp) plane.
See text for details.
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Figure 48: Distributions of QCD (left) and tt (right) di-jet events in the (log kT, log R/A) plane.
See text for details.

A 3 TeV W' model with a 400 GeV scalar

The second benchmark is an example of a BSM signature which could be searched for
at high-energy colliders using these techniques. The BSM process is the production of
a 3 TeV W’ boson at a collision energy of 13 TeV, which decays to a SM W boson and
a 400 GeV BSM scalar boson ¢. The scalar boson ¢ then subsequently decays to two
SM W bosons. The model has been previously introduced and studied in Refs. [74,
81, 87]. The mass difference between the W’ and its decay products implies that the
constituents from the scalar boson and the W will be clustered into a pair of boosted
jets, making the jet substructure an important tool for any analysis of these events.
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This was first studied in Ref. [81] and used as a benchmark for the unsupervised
CWolLa search technique in Ref. [74] and for the LDA implementation in Ref. [100].
For this benchmark, in addition to the pt cut at 400 GeV, events were selected in the di-
jet invariant mass window [2700, 3300] GeV to encapsulate the peak in the production
cross-section of the W/ boson.

In Figs. 49 and 50 we plot the pure signal (hadronic W’ final states) and background
(QCD di-jets) samples in the (mg, mi/mp) and (log R/A,logkt) planes, respectively.
The origin of the features in these plots is completely analogous to those of tt in
Figs. 47 and 48. One important difference to note is that the plots for the leading and
subleading signal jets are different, while for tt they are equivalent. This is obviously
because in this case our signal consists of two jets of different origin, highlighting the
importance of including labels for the jets in our representation of the measurements
in LDA to properly characterise the signal from the posterior theme distributions.

In Fig. 49 we clearly see the clusters corresponding to the decays of the scalar boson
in the leading jet at mo ~ 400 GeV. Of the two clusters at mg ~ 400 GeV, the cluster at
mass drop m;/mp =~ 1 again corresponds to the clustering of soft radiation around the
subjet containing all of the scalar boson decay products, while the cluster at m; /mg ~
mg, /My corresponds to splittings that separate the SM W boson subjets from within
the ¢ jet. The clusters corresponding to the decay of the SM W bosons at my ~ 80
GeV have the exact same features as those in the tt case.

The distributions for the background jets in Fig. 50 are similar to the distributions
for the background jets in Fig. 48, as expected. Interestingly, the distributions for the
W’ and tt signal jets in Figs. 50 and 48 are more similar than they are in Figs. 49
and 47. This is because the observables in the former case measure the k1 and an-
gular separation, rather than the masses of the (sub)jets in the splittings. Also, the
observables are now both binned and displayed on a logarithmic scale, making any
differences at large kt less pronounced. One obvious difference between the W’ and
tt distributions in Figs. 50 and 48 is that the clusters associated with the different hard
decays are more distinguishable from each other in the W’ case than in the tt case.
This is primarily because the mass difference between the scalar boson ¢ and the SM
W bosons is much larger than the mass difference between the top quark and the SM
W bosons. Another difference is in the amount of soft radiation in the tt jets and the
W' jets, which is due to the top quark carrying colour charge and the ¢ boson being
colour-neutral. The similarities in the two distributions do however suggest that any
classifier selecting events with splittings in the large k1 region may work reasonably
well as a generic anti-QCD tagger.
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Figure 49: Distributions of QCD (left) and W’ (right) di-jet events in the (mg, m;/mg) plane.

See text for details.
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Figure 50: Distributions of QCD (left) and W’ (right) di-jet events in the (logkr, log R/A) plane.

See text for details.

4
log R/A

125



126

LDA FOR LHC

6.3.3 Comparing classification power of different observables

There are many possible choices of observables that we could consider in our anal-
ysis of di-jet events using LDA. Although all of the observables discussed in Sub-
section 6.2.3 carry some ability to distinguish between signal events and QCD back-
ground events, some will be more useful than others depending on what the signal
process is. In this Section we study the classification power of each of these observ-
ables, and some combinations of them, using a simple binned likelihood classifier. To
construct the binned likelihood classifier we split our signal and background datasets
into ‘training” and ‘testing” sets. We then compile counts of how often each measure-
ment bin occurs in each of the signal and background training sets, and normalise
these to give us a discrete probability distribution for the signal and background sam-
ples. For each event in the testing sets we compute the likelihood ratio defined in
Eq. 110, except with the 3’s replaced with the binned likelihood multinomials. The
results are summarised in Fig. 51.
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Figure 51: Classification power of individual observables (left column) and pairs of observ-
ables (right column) for both tt (top row) and W’ (bottom row) signals versus QCD.
We consider both mass basis observables (solid lines), and observables in the pri-
mary Lund plane (dashed lines).

In the first row we show the classification performance of the observables for the
tt sample. The best performing individual observables are log R/A and mg from the
Lund basis. Note that my appears twice, once in the mass basis and once in the Lund
basis. The difference in classification power here comes only from the different cuts
performed on the dataset as explained in Subsection 6.2.3. In combining observables
we see that the best performing pair of observables in the Lund basis are log kt and
z. In the mass basis the best performing pair are my and kt, however the differences
between this pair and others are minuscule.

In the second row we show the analogous plots demonstrating the classification
power of the observables for the W’ sample. The results here are different than for
tt, which is not surprising since not only are the masses of the particles produced
in the collision different, but also the top quarks produce a very different radiation
pattern than the W’ decay products due to the colour and spin differences(two colour
and spin 1/2 particles compared against colourless W with spin 1 and ¢ with spin 0).
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The best performing individual observable here is the subjet mass mo in both bases,
mass and Lund. In combining observables we find that the best performing pair of
observables in the Lund basis are mo and logkt, while in the mass basis the best
performing pair are mp and mj/mp. Again the differences between these pairs and
some of the others are very small.

We do not study combinations of more than two observables because we find that
adding more observables to the best performing pairs does not provide any apprecia-
ble difference in classification power of the binned likelihood. The observables are in
general better at classifying W’ events than tt events. This is simply because the W’
signal contains splittings that are very rare in QCD background events, in particular
rarer than the splittings in tt events. Interestingly, we find in Subsection 6.3.4 that
the observables which provide the best performance with the supervised binned like-
lihood classifier are not necessarily the best to use in an unsupervised analysis based
on LDA and VI, which crucially depends on patterns of co-occurrence of two or more
measurements within the same event. Therefore in the unsupervised analyses we fo-
cus solely on two pairs of observables (i) (mo, m1/my), (ii) (log kT, log R/A), based on
their robust performance, good interpretability and established usage in jet classifica-
tion tasks. Note that while the classification power of any combination of observables
in the supervised binned likelihood does not necessarily indicate the best choice to use
in any given analysis, it does represent an upper bound on the classification power of
any unsupervised classifier based on the corresponding themes of these same binned
observables, such as LDA. This is due to the Neyman-Pierson lemma [236].

6.3.4 Measurement co-occurrences

When introducing LDA and VI in Section 6.1 we encountered the importance of mea-
surement co-occurrence in individual events. Certain measurements within individual
events must exhibit a pattern of co-occurrences in order for the inference algorithm
to recognise and extract the corresponding theme distributions. In other words, VI
is unable to extract any information from unique measurements o;; appearing only
once in the dataset. In this section we explore how the measurement co-occurrences
in a dataset vary with the choice of observables and their binning, highlighting the
importance of the data representation in the construction of the unsupervised classifi-
cation strategy. We demonstrate this on the example of the W’ model, having checked
that the tt example exhibits analogous behaviour.

We quantify the measurement co-occurrences by obtaining the number of unique
possible 0; ; per bin of one of the observables and dividing this by the total number of
measurements in that bin. The lower this ‘fraction of unique oj;” is, the stronger the
co-occurrences are for that bin and the easier it will be for the VI algorithm to extract
themes that accurately describe the underlying structure of the events. In the upper
row of Fig. 52 we show how the co-occurrences in the mixed W’-QCD sample with
observables (mg, mj/mp, m2/my, kT, cos 0) vary per mo bin.

On the left hand side we do this for a mixed sample of 9x 10 signal and background
events with varying S/B, while on the right hand side we do it for varying amounts
of pure signal events (100, 500, and 1000). We focus on such small numbers of signal
events because we are interested in finding rare signals, in which the co-occurrences
will inevitably be less apparent. Conversely, in a sample containing a large fraction
of signal events the structure of the signal events would be more easily uncovered
due to the strong co-occurrences between the measurements. As expected, the co-
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Figure 52: Fraction of unique measurements in W’ event samples, using all the mass basis ob-
servables (mg, mj/mgp, m2/my, kT, cos 0) (top line) and only the pair (mg, mj/myg)
(bottom line). On the left we show samples of 9 10% events consisting of different
fractions of mixed signal (W’) and background (QCD) events, while on the right
we show the results for different numbers of pure signal (W’) events.

occurrences are strongest at mp ~ mw, and mg ~ mg, since the signal events are more
likely to contain splittings with these masses as in Fig. 49. However, as discussed in
Subsection 6.3.3 including more than two of these observables in the analysis does
not significantly increase the classification power of the binned likelihood classifier.
At the same time we demonstrate in the second row how restricting the analysis to
including just one such pair (mop, mj1/mg) can drastically increase the strength of the
co-occurrences in the event sample. This provides further justification for including
no more than two observables in the LDA analysis.

In Fig. 53 we display the same information for the Lund observables where we mea-
sure the co-occurrences as a function of log kt. We see again that the co-occurrences
are strongest at the points where the signal features are most pronounced (see Fig. 50),
and that by restricting the observables used at each splitting we can increase the fre-
quency of these co-occurrences significantly.

Before moving on we examine another handle we have on increasing co-occurrences
in the event sample: varying the binning used for each of the observables. To do this
we again focus on the W’ sample with the pair of (mg, m;/mg) observables. The
results are summarised in Fig. 54. We note that some of the bin sizes used in this
plot would be impossible to use in practice due to the finite experimental resolution,
however they still serve as useful examples to demonstrate the potential effects of
varying bin sizes in the analysis.

In the upper left plot we show the co-occurrences for the whole mixed sample
with S/B=5% and four different choices of bin sizes. In each of the other three plots
we show the co-occurrences for different numbers of signal events (again 100, 500,
and 1000) and varying bin sizes. As expected, larger bin sizes result in stronger co-
occurrences, although this effect is subleading with respect to removing observables
from the analysis completely. For example, all the studied numbers of signal events
show almost the same strength of co-occurrences at mgp ~ myy, for all choices of bin-
ning. The effect due to different bin sizes is more clearly seen away from these areas of
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Figure 53: Fraction of unique measurements in W’ event samples, using all the Lund basis
observables (mg, log R/A, log kT, z, log R/k, V) (top line) and only the pair (log kT,
log R/A) (bottom line). On the left we show samples of 9x 10* events consisting of
different fractions of mixed signal (W’) and background (QCD) events, while on
the right we show the results for different numbers of pure signal (W’) events.
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Figure 54: Fraction of unique measurements in W’ event samples, using the mass basis observ-
ables (mo, mj/mg) for different choices of my binning. From top-left to bottom-
right: results for a mixed sample of 9x10% events with S/B = 5% and four different
choices of bin sizes, followed by results for 100, 500 and 1000 pure signal events at
various bins sizes of dmgy = 2 GeV, 10 GeV 50 GeV, and 0.05 x my.

strongest co-occurrence, where larger bin sizes result in stronger co-occurrences across
the whole my range. In particular, this may aid in better modelling of the signal and
background distributions away from mgy ~ my and mg ~ mg. On the other hand,
increasing the bin size will also make the signal features less pronounced, potentially
reducing the classification power in the same way as a binned likelihood classifier be-
comes worse and worse approximation to the Neyman-Pearson un-binned likelihood.
Therefore there is trade-off here between potential classification power and the ability
of VI to extract optimal theme distributions from the data. In particular we find that
the constant 8mo = 10 GeV bin size provides the best trade-off for the examples stud-
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ied here and is also in practice close to the variable binning dmo = 0.05mo mimicking
the typical energy resolution of modern particle detector calorimeters.

64 UNSUPERVISED LEARNING WITH LDA

In this Section we demonstrate the power of the technique outlined in the preceding
sections. For this demonstration, we focus on the W’ benchmark and the primary
Lund basis of observables outlined in Subsections 6.2.3 and 6.3.3. We also show the
analogous results using the mass basis of observables and for the tt benchmark with
both observable bases.

Using the W’ benchmark we construct a number of mixtures of background and
signal events or mixed event samples. The mixed samples contain 9 x 10% events with
S/B ratios 0.1, 0.05, 0.025, 0.01, and 0.005. We also include a pure background sam-
ple (S/B=0) to demonstrate what the output of LDA looks like with no signal events
present. The truth level Lund plane distributions for the signal and background events
in the W’ benchmark are shown in Fig. 50. The background QCD events are described
by smooth distributions in which the low log kT regions depict the non-perturbative
splittings in the QCD jets. For the signal events we see a different behaviour, with both
the leading and subleading jets displaying localised high density regions correspond-
ing to the decays of the 400 GeV scalar boson and the W bosons. Identifying these
localised high-density regions is crucial to achieving a high-performing classifier.

For each event sample, 6 in total, we train LDA models with different Dirichlet
parameters, extract the themes and use them to cluster/classify the events in the sam-
ple. We perform an extensive scan over the Dirichlet parameters, scanning over the
(Z,p) parameter space in the ranges 0 < £ < 3 and —3 < log;, p < 0 with resolution
0L = 0.1 and dlog;,p = 0.1, respectively. We have then 961 models for each event
sample. After training these models, we plot the inverse perplexity (P~') calculated
over the whole sample, as well as the AUC and the inverse mistag at fixed efficiency.
In particular, we are interested in how the inverse perplexity, which can be computed
from unlabelled data alone, is correlated with the performance of the labelled metrics
(AUC and eg1 (es = 0.5)), which is inaccessible in absence of labelled data. We also
consider how both the inverse perplexity and performance behave in different regions
of the Dirichlet parameter space, as discussed in Subsection 6.1.2.

The results of the scan are presented in Fig. 55. An immediate result is the strong
correlation between the perplexity measure and the performance of the classifier,
which is necessary for an unsupervised search to be possible. In both the perplex-
ity and the performance landscape scans we see a ridge-like structure at £ < 0.5 and
p — 0, beyond which the performance of the classifier degrades. In the £ — 0 limit
the LDA model becomes more and more like a mixture model rather than a mixed-
membership model. In this case it is known that variational inference techniques tend
to perform badly when describing datasets whose themes share features [208] as we
detailed when describing mixture models. Given that both our signal and background
events share similar non-perturbative features, it is expected that we see this degra-
dation in performance at low X. In the p — 0 limit we also see a degradation in
the perplexity, along with a more subtle degradation in performance. This again is
expected, since in the vanishing p limit the LDA model effectively consists of just a
single theme and is thus less sufficient in describing the data.

One interesting point worth mentioning here is that even in the S/B = 0 limit
the classifiers retain some classification power. This is entirely due to an anti-QCD
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tagging effect, where the LDA model learns the QCD theme distribution and one
other distribution which is typically a mixture of QCD features and random noise.
Then through the likelihood ratio these themes will result in a classifier which tends
to assign lower values to events which are QCD-like. We also note that in this case
the performance is more uniform in X and p than for the large S/B cases, however the
ridge-like structure still persists because both at low L and at large p the variational
inference algorithm tends to split the QCD features between the two themes. This
results in a classifier which does not perform well as at anti-QCD tagging.

The green star in Fig. 55 indicates the point of minimum perplexity for the S/B=5%
case, which would be selected as the optimal model in a realistic unsupervised analy-
sis. The inferred themes of this model are shown in Fig. 56. Comparing these themes
with the truth-level distributions shown in Fig. 50 we see that the typical signal fea-
tures are well distinguishable in one of the themes (theme 2). The two clusters in the
leading jet distribution of this theme correspond to the decays of the ¢ boson and the
W boson, with the single cluster in the subleading jet corresponding to the decay of
the W boson.

As in the mass basis example for boosted tt in Fig. 59, we observe some notable
differences when comparing the two themes to pure signal and background distribu-
tions, especially in the soft (kt — 0) and collinear (A — 0) regions of the Lund plane.
Theme 2 predominantly captures the hard splittings associated with the massive res-
onance decays, while the softer splittings are predominantly captured by theme 1.
Interestingly, it seems that the algorithm in this case picked up some distinguishable
features of the signal (a deficit below the W peak) even in the non-perturbative (low
kT) regime. We warn however that these effects are very subtle and the least robust,
since they vary considerably with the model priors.

The LDA hyperparameter scan for the W’ benchmark in the mass basis can be
found in Fig. 57. The scan for the tt benchmark in the mass basis in Fig. 58 and in
the primary Lund basis in Fig. 60. We show the inferred themes for the maximum
perplexity model for the tt S/B = 0.1 in the mass basis in Fig. 59.
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Figure 55: Results of LDA models in the (X, p) parameter-space trained on samples of mixed
W’ and QCD events using Lund basis observables log k1 and log R/A, with different
S/B ratios (one per row). Each row contains plots of perplexity, AUC, and inverse
mis-tag rate at fixed efficiency (see text for details). The green star indicates the

model used to plot the theme distributions in Fig. 56.
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Figure 56: The LDA extracted theme 1 (left) and theme 2 (right) distributions for the leading
(upper plots) and subleading (lower plots) jets obtained on a mixed W’ / QCD
sample with S/B = 0.05, where only the log k1 and log R/A observables were used.
The results are obtained using the model that yields the lowest perplexity. See text
for details.
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Figure 57: Results of LDA models in the (Z, p) parameter-space trained on samples of mixed
W’ and QCD events using mass basis observables my and mj/mg, with different
S/B ratios (one per row). Each row contains plots of perplexity, AUC, and inverse
mis-tag rate at fixed efficiency. See text for details.
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Figure 58: Results of LDA models in the (Z, p) parameter-space trained on samples of mixed
tt and QCD events using mass basis observables my and my/mg, with different
S/B ratios (one per row). Each row contains plots of perplexity, AUC, and inverse
mis-tag rate at fixed efficiency (see text for details). The green star indicates the
minimum perplexity point for S/B = 0.1. We use this model to plot the extracted
theme distributions in Fig. 59.
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Figure 59: The LDA extracted theme 1 (left) and theme 2 (right) distributions for the leading
(upper plots) and subleading (lower plots) jets obtained on a mixed tt / QCD sam-
ple with S/B = 0.1, where only the mp and m;/mg observables were used. The
results for the model that yields the lowest perplexity. See text for details.
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Figure 60: Results of LDA models in the (X, p) parameter-space trained on samples of mixed
tt and QCD events using Lund basis observables log k1 and log R/A, with different

S/B ratios (one per row). Each row contains plots of perplexity, AUC, and inverse
mis-tag rate at fixed efficiency. See text for details.
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Figure 61: The learning rate as a function of the number of global updates for different offsets,
To = 1-10°. The black dashed line indicates the learning rate after 100 passes
when we have 10° events in the sample and a chunk size of 104, as in the scans in
Sections 6.4.

6.5 SYSTEMATICS

In order to use the techniques presented in this Chapter in practice it is important
that the VI algorithm produces results which are stable under changes in the random
initialisation of the model variables. It is also important to verify that the algorithm
parameters chosen for the inference procedure detailed in Subsection 6.1.3 are sensi-
ble choices for the datasets studied. The most important algorithm parameters for
LDA are the offset 1o, the chunk size n., and the number of passes n,. The offset
affects the learning rate, both the overall magnitude and as a function of the global
updates, see Eq. 105. The chunk size changes how many events are used to optimise
the local parameters before an update on the global parameters is performed. Finally,
the number of passes must simply be large enough for the algorithm to converge.

6.5.1  Offset

We show in Fig. 61 how the offset affects the learning rate &,,, and thus the inference
algorithm, as a function of the number of global updates. We see that a larger offset
implies a smaller learning rate that is also more constant across the global updates. A
smaller offset leads to very large learning rates at earlier global updates, and larger
learning rates overall.

To demonstrate the effect that the learning rate and offset have on the results, we
have chosen a single parameter point from the scans performed on the W’'/QCD
mixed event sample, with S/B = 0.025 and (%, p) = (1.3,0.05) in the mass basis. We
keep all the parameters as they were in the scan except for the offset that is now
varied from 1 to 2x10°. For each offset we measure the algorithm performance by
calculating the perplexity, the AUC, and the inverse mistag rate. To assess the stability
of the algorithm as a function of offset we repeat this for 100 different random seeds,
calculating the mean and the upper and lower standard deviations of the resulting
distribution. These results are shown in Fig. 62.

A clear effect is that both the perplexity and the performance of these models in-
crease with the size of the offset, degrading heavily at low offsets. This is due to the



6.5 SYSTEMATICS

139

p-1 AUC g, (es = 0.5)
0.01700 1.00
2000
0]
0.01695 0.98 0.989
0.96 0.988 1500
0.01690 0.987 /\
0.94 ot
0.986
0.01685 1000
0.92 L TR TR
0.01680 500
0 1 2 3 4 5 0.90 0 1 2 3 4 5 0 1 2 3 4 5
10 10 10~ 10° 10 10 10 10 10 10 10 10° 10 10 10~ 10° 10 10°
offset (7p) offset (79) offset (7p)

Figure 62: The inverse perplexity (left), AUC (center), and inverse mistag rate (right) as func-
tions of the offset for an event sample with 10° events and a chunk size of 10%.
The calculations were done for 100 different random seeds, the blue lines show the
mean of these and the shaded regions cover the upper and lower standard devi-
ations. Separate upper and lower standard deviations are used to show how the
actual variances in the performance statistics are typically skewed heavily towards
the negative side.

learning rate being large to sufficiently resolve the maximum in the ELBO. We also
see that the random seed induced variance of the results increases considerably at low
offsets. This is partially due to the overall size of the learning rate but is also affected
by the significantly increased learning rate in the initial global updates, as can be seen
in Fig. 61. Because the chunks of data are sampled randomly at the beginning of the
analysis, a different random seed means that a different subset of the data will have
more influence on the inference, hence the larger variance. Another effect observed
is the change in behaviour at very large offset. The AUC and inverse mistag are both
good measures of performance for the model so we might expect that an increase in
one leads to an increase in the other. However, we see here that this is not the case. At
offset ~ 10* the AUC begins to degrade while the inverse mistag at fixed efficiency of
es = 0.5 continues to improve somewhat.

The learning rate also affects the speed of convergence of VI. In the algorithm de-
scribed in Subsection 6.1.3 we allow the algorithm to run for a fixed number of passes
over the data without checking for convergence. However one could easily change
this to check explicitly for convergence and end the algorithm early. In Fig. 63 we look
at how many passes over the data the algorithm takes to converge, seeing that runs
with larger offsets take much longer to converge due to the smaller learning rate.

From these observations we deduce that an offset in the range 103-10% is the best
choice for both the performance and stability of the inference algorithm as applied to
our example datasets. Correspondingly, the suitability of a particular offset choice on
other datasets can be readily verified by checking for convergence as well as model
perplexity dependence on this algorithm parameter.

6.5.2 Chunk size

In Section 6.4, the chunk size is fixed to 10* while the samples contain almost 10°
events, yielding 10 chunks per pass over the sample. Since we are looking for rare sig-
nals it is possible that the signal events could be very unevenly distributed throughout
these different chunks, resulting in each chunk having significantly different ELBO
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Figure 63: Number of passes needed for convergence as a function of the offset, for an event
sample with 10% events and a chunk size of 10*. The calculations were done for
100 different random seeds, the blue lines show the mean of these and the shaded
regions cover the upper and lower standard deviations. Separate upper and lower
standard deviations are used to show how the actual variances in the number of
required passes are skewed with respect to the mean.
and perplexity. Therefore, the algorithm would essentially be attempting to optimise
one model for these 10 different chunks, and the resulting posterior approximation
would fail to accurately describe the true posterior. To test that this is not an issue in
the scans, we perform the same offset scan as in Fig. 62 but now for a smaller event
sample (10% events), where the global updates are performed only after seeing the
whole dataset as the chunk size is equal to the size of the event sample. We see the
results in Fig. 64 and it is clear that while they differ slightly, qualitatively the same
behavior is observed in the perplexity and performance at different offsets.
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Figure 64: The inverse perplexity (left), AUC (center), and inverse mistag rate (right) as func-

tions of the offset for an event sample with 10% events and a chunk size equal to the
size of the event sample. The calculations were done for 100 different random seeds,
the blue lines show the mean of these and the shaded regions cover the upper and
lower standard deviations. Separate upper and lower standard deviations are used
to show how the actual variances in the performance statistics are typically skewed
heavily towards the negative side.

To properly study the effect of changing the chunk size we need to find a better

way to compare models trained with different chunk sizes. Changing the chunk size
significantly affects how much of the data the algorithm analyses before it converges,
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Figure 65: The inverse perplexity (left), AUC (center), and inverse mistag rate (right) as func-
tions of the chunk size for a mixed W’/QCD event sample with 10% events and
a chunk size equal to the size of the event sample. The offset is also varied such
that the learning rate is held constant. The calculations were done for 100 different
random seeds, the blue lines show the mean of these and the shaded regions cover
the upper and lower standard deviations. Separate upper and lower standard devi-
ations are used to show how the actual variances in the performance statistics are
typically skewed heavily towards the negative side.

and we would like to disentangle this effect from the effect due to less data being
analysed per global update in the algorithm. To do this we vary the offset simulta-
neously with the chunk size such that the learning rate at one pass over the data is
held constant. The example we use is again the W’/QCD mixed sample of a total 10
events, with S/B = 0.025 and (X, p) = (1.3,0.05) in the mass basis. The learning rate is
held constant to what it would be if we had an offset of 10° and a chunk size of 10%
events. The chunk size is varied from 10 up to 10%, meaning that the offset varies from
1 to 1000. The results are shown in Fig. 65, where we clearly see the disadvantages in
using very small chunk sizes. When the chunk size reaches O(5%) of the size of the
event sample the perplexity and performance statistics reach a plateau. As we vary
the chunk size we see that the results are not very sensitive to the random seed. This
is because the learning rate is kept at a constant (small enough) value by varying the
offset accordingly.

From this exploration we take that while choosing the chunk size to be equal to the
size of the event sample is certainly a good idea, especially with smaller datasets and
rare signals, for the event samples that we have analysed in this Chapter setting the
chunk size to only a fraction of total dataset does not significantly impede the quality
or robustness of VI while significantly speeding its convergence. In particular, our
reasoning in choosing the chunk size to be 10% rather than 10° for our prior scans in
Section 6.4 is simply that the algorithm converges 10 times faster.

6.6 CONCLUSIONS

In this Chapter we have described a general unsupervised framework capable of learn-
ing rare patterns in event data collected at high-energy colliders. We use a Bayesian
probabilistic modeling technique called Latent Dirichlet Allocation (LDA), an unsuper-
vised ML approach that was first introduced in the context of BSM collider physics in
Ref. [100].
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We started by representing individual collider events as sequences of binned ex-
changeable measurements, and assumed a simplified picture in which the events
are generated by sampling these measurements from some underlying joint proba-
bility distribution. The assumption of exchangeability of measurements guarantees,
through de Finnetti’s theorem, that the sequence of measurements in an event are con-
ditionally dependent on a latent variable sampled from a (marginalised over) prior
distribution over a latent space. With the help of some basic assumptions on this la-
tent space we arrived at the LDA model, which we focus on throughout the Chapter.

LDA is a mixed-membership model, meaning that under this model the measure-
ments in individual events are assumed to have been sampled from multiple (two, in
our case) multinomial distributions, the themes. These themes encode information
on the underlying structure in the event data represented in terms of binned mea-
surements. The mixing proportions of themes are sampled from a prior taking the
form of a Dirichlet distribution, a parametric family of distributions over the simplex.
Mixed membership models have the advantage of describing different events which
share features arising from the same underlying physical source. Depending on the
Dirichlet prior, the generative model can naturally describe event samples where cer-
tain combinations of measurements appear rarely, which is crucial for uncovering rare
signals.

Given the LDA model and the event data, we described in detail a stochastic varia-
tional inference technique for approximating or learning the underlying themes from
which the data is assumed to have been generated. We then described how the ex-
tracted themes can be used to construct a classifier to cluster events into two cate-
gories, potentially aligned with the background and signal classes. We finally identi-
fied a measure of classification performance based solely on the learned themes, the
perplexity, which does not require truth labels to compute and can thus be extracted
directly from mixed data. In particular, we found that perplexity correlates strongly
with the widely used traditional measures of supervised classification performance
based on the ROC curves: the AUC and inverse-mistag rate at fixed efficiency.

To demonstrate the power of this technique we considered the analysis of di-jet
events at the LHC focusing on two benchmark examples; boosted SM tt production
and a hypothetical BSM production of W/ — (¢ — WW)W. We described in detail
how to pre-process the event data to express each event as a sequence of exchangeable
measurements and how the generative model for di-jet events is to be interpreted
using LDA. Our choice of jet substructure observables that we used in the analysis is
based upon high level observable combinations that have previously been shown to
be good for identifying massive resonance decay chains within large radius jets with
supervised methods: the traditional mass drop basis (Ref. [233]) and the primary Lund
plane basis (Ref. [230]).We note in passing the in principle LDA can be trained on any
general combination of high-level observables used in supervised classification that
has significant discriminating power, thus in principle allowing to promote supervised
classifiers to unsupervised ones, given enough measurement co-occurrences in the
data. Through a study of the classification power of these different observables, and
of how strong their co-occurrences are in the data, we have identified most promising
pairs of observables in each basis for our unsupervised classification approach.

The results for each of the benchmark di-jet examples from this study are presented
in Section 6.4. Plotting the perplexity, AUC, and inverse-mistag rate at a fixed sig-
nal efficiency as performance indicators, we analysed how well the two-theme LDA
models classified events over a large range of values of Dirichlet prior parameters
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(Z,p). For each benchmark we considered six different samples with varying S/B,
ranging from 0.01 to 1.0 for the boosted top-quark example, and from 0.005 to 0.1
for the W’ example, adding background only samples for reference. For both bench-
mark we found that the two bases lead to complementary results, with the extracted
themes in each case holding valuable information about the signal and background
processes. From the results it is clear that the inference algorithm was able to sepa-
rate measurement patterns corresponding to the massive resonance decays within the
signal jets from patterns corresponding to light QCD emissions present within all jets.
This is achieved due to the mixed-membership nature of the generative model, where
QCD-like patterns found both in the signal and background jets were identified as
having been sampled from the same theme describing QCD-like splittings in the jet
substructure.

Finally, in Section 6.5 we studied how the results and performance of the chosen
inference technique depend on the tunable parameters of the algorithm, in particular
the chunk size and the offset. We demonstrated that the results of the algorithm are
in fact stable over a large range of these parameters, and that the algorithm tends to
converge within < 100 passes for the example datasets.

Perhaps the most important result of this Chapter is that the AUC and inverse-
mistag rate, calculated using truth label information, are strongly correlated over the
(%, p) Dirichlet parameter plane with the perplexity, which is calculated without truth
label information. This implies that not only can perplexity be used as a practical
measure to assess LDA model convergence, but it can also provide guidance when
selecting the most viable and robust Dirichlet priors for unsupervised collider analyses
and searches. By allowing the algorithm to select optimal X and p parameters we
would not need to perform a search for each choice of parameters considered, meaning
that there would be no contribution to the trials factor due to these parameters. This
is similar to what happens in Ref. [97], where the ATLAS collaboration published an
analysis of a weakly supervised di-jet resonance search in which contributions to the
trials factor associated to the masses of the final state jets are eliminated by allowing
the ML algorithm to define the classifier using the event data alone.

After this detailed study of the LDA method applied to BSM searches in di-jets we
can conclude that probabilistic latent variable models offer a unique and promising
avenue for future study. The first significant result is that the perplexity, related to
the model evidence, can be used as a model-independent measure to select the opti-
mal hyper-parameters for the LDA model, which are connected with the abundances
of signal and background-like features in the data. We also presented further under-
standing of how this method works in terms of feature co-occurrences in the data, and
how these affect the performance of the variational inference algorithm. This intuitive
understanding illuminates a drawback in the approach, in that we are limited to using
a small number of physical observables in the analysis due to the infamous curse of
dimensionality, and the associated sparsity of individual measurements. The results
in this Chapter provide a theoretical underpinning of the technique and results first
presented in Ref. [100], and pave the way for future collider studies using probabilistic
latent variable models such as LDA.
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In this Ph.D. Thesis we aim to fulfill the goals stated in Chapter 1, exploring in
different ways how BSM could be lurking at the LHC. We study different BSM mod-
els in Chapters 2, 3 and 4 and different Machine Learning algorithms that reduce
Monte Carlo dependency and provide a way towards semi- or unsupervised searches
in Chapters 5 and 6.

In Chapter 2 we analyse how an scalar Leptoquark motivated by the B-Anomalies
on the experimental side and the Partial Compositeness hypothesis on the theoretical
side can be probed by pair production searches at the LHC. We found that existing
searches constrain the Leptoquark mass to be higher than ~ 800 GeV. We studied how
these same searches could constrain the Leptoquark for v/s = 14 TeV and £ = 300 fb™
and we proposed the ttbv channel as a very interesting target to explore. This channel
was explored in Ref. [128].

In Chapter 3 we are motivated by a discarded excess in a second generation Lepto-
quark pair production analysis to study how a Leptoquark model with a few different
characteristics could be hiding in pair production searches and produce the exact type
of events that are discarded due to theoretical considerations. We show how a multi-
generation Leptoquark with couplings large enough that the single- and non-resonant
production modes are relevant could yield an excess in pvjj without a corresponding
excess in upjj and without the expected resonance in the mass spectra. We show how
flavour constraints can be avoided by considering a multiple Leptoquark scenario and
taking advantage that flavour experiments are more sensible to higher Leptoquark
masses than ATLAS and CMS.

In Chapter 4 we demonstrate how a top-philic Z’ vector boson with flavour-changing
couplings could be hiding behind recent multilepton discrepancies between the ex-
pected and observed events. In particular, we show how it could mimic both ttW*
and 4-top production in the relevant signal regions and how a broadband search can
disentangle possible BSM effects from SM processes. We suggest that the 4-top total
leptonic charge imbalance is an useful quantity that could be reported by the experi-
mental collaborations and we propose a kinematic variable that is able to disentangle
tZ' from ttW=*, MaxMin((, b).

In Chapter 5 we adapt the Demixer algorithm to 4-top searches. We find that the na-
ture of the problem at hand makes it challenging to implement the algorithm straight-
forwardly as in quark/gluon tagging. This is due to the fact that 4-top and its back-
ground are physical processes and cannot be defined by the output of the algorithm,
as is the case with quark and gluon jets. However, we find that the algorithm is
still very useful as it can be used to extract the background distribution and tune the
Monte Carlo without the need of a control region.

In Chapter 6 we explore in detail how Latent Dirichlet Allocation (LDA) can be
applied to unsupervised searches at the LHC. We focus on two benchmarks which
produce di-jet final states, QCD vs tt and QCD vs W’. We see that the choice of
vocabulary is crucial as it must balance discriminating power with co-occurrences in
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the corpus. We explore the different hyperparameters of the model. We show how
typical values of hyperparameters like chunksize and offset can be chosen and how to
explore the landscape of LDA classifiers defined by the weight priors . We find that
perplexity is correlated with the two metrics we consider, AUC and inverse mistag at
50 efficiency, and because of this can be an useful metric for unsupervised o without
the need to introduce trial factors.

We find that these different approaches to BSM searches at the LHC are comple-
mentary. Because there is a vast array of BSM possibilities with a correspondingly
vast array of possible final states, semi- and unsupervised techniques could be funda-
mental to point the way forward. However, the use of these algorithms is not without
underlying hypotheses. The application of Machine Learning algorithms to LHC data
highlights the importance of data representation. This issue, already present at su-
pervised searches, is key to assessing the sensitivity of the algorithm. Monte Carlo
simulations provide a way to validate and choose the appropriate data representation.
Moreover, Monte Carlo simulations are still needed to match the obtained distribu-
tions with the underlying hard processes that we are interested it. In the language of
Chapters 5 and 6, Monte Carlo simulations relate the abstract themes extracted from
data to the meaningful themes we are interested in. This is also true when extract-
ing absolute quantities like cross-sections. Even if an anomaly detector yields a set
of background and signal events, the cross-sections can only be obtained through an
estimation of the acceptances and efficiencies involved. In light of the above, we pro-
pose in Chapter 5 how semi- and unsupervised methods could be used to improve
Monte Carlo predictions: we indicate that these methods can in principle identify
background events and their distributions in signal regions, and thus one could tune
the Monte Carlo generator using these distributions before contrasting its predictions
to the signal candidate events in the same signal region.

Along this Ph.D. Thesis we have performed a set of phenomenological analyses to
search for New Physics at the LHC Run II. These studies have been been mainly fo-
cused in Leptoquarks, in top-philic BSM contributing to the 4-top final state and in
potential W' particles. The investigations have been performed using cut-based fully
supervised, and semi-supervised and unsupervised Machine Learning techniques. As
we can learn from the obtained results, as well as from the state-of-the-art in the field,
luckily there is much to be done. There is a vast array of BSM models that could be
hiding in current LHC data and a recent boom in Machine Learning applications to
semi-supervised and unsupervised searches, as shown by the LHC Olympics [98]. We
are currently exploring other unsupervised algorithms for 4-top physics and improv-
ing on LDA with the introduction of topic priors while also working with other latent
variable models such as the Hierarchical Dirichlet Process [237].
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