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Resumen

Esta tesis se centra en la bisqueda de fisica mas alld del modelo estdndar en el
sector electrodébil, y en particular en el sector asociado con el mecanismo de la
rotura expontdnea de la simetria electrodébil y de la generacién de masas, usando
datos recogidos por los experimentos del Large Hadron Collider. Los resultados
presentados en esta tesis se basan en trabajos publicados en revistas internacionales
de fisica de altas energias (Refs. [[1-4]]).

El modelo estdndar es una teoria de campos gauge con grupo de simetria
SUB)c ® SU(2), ® U(1)y para las interacciones fuertes y electrodébiles re-
spectivamente, en la que las particulas observadas se identifican con excitaciones
cudnticas de los campos correspondientes. En esta teoria, la simetria gauge im-
plica que todas dichas particulas no pueden adquirir masas sin romper la simetria
electrodébil. La rotura espontanea de dicha simetria — en la que es el estado fun-
damental de la teoria el que rompe la simetria — es una forma elegante de compat-
ibilizar el principio de invariancia gauge del modelo estdndar con la observacién
de particulas masivas. En su forma mds simple se implementa via el mecanismo
de Higgs que implica la existencia de un campo escalar fundamental que se trans-
forma de forma no trivial bajo SU(2);, ® U(1)y y cuya tnica excitacion fisica es
una particula escalar neutra que conocemos como el boson de Higgs.

Es por ello que podemos considerar que el zenit, tanto del modelo estandar
como de la fisica experimental de colisionadores se alcanzé el 4 de Julio de 2012
en el CERN cuando en LHC anuncié el descubrimiento de una nueva particula que
podria ser el boson de Higgs [5}/6]], casi 50 afios despues de que el mecanismo de
Higgs para la rotura espdntanea de la simetria electrodébil fuera propuesto [[7H12].

Hasta 2012 el boson de Higgs era la tnica pieza que faltaba en la construccién
del modelo estandard y su descubrimiento abri6 una nueva era en la fisica de
particulas. Tras la observacion de la nueva particula la pregunta obvia era si
el estado observado era de facto el boson de Higgs del modelo estindar en su

versiéon mas minima o si era una variante del mismo, o si habia otras particulas y/o
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dindmicas asociadas al proceso de rotura y a la generacién de masas. Una clara
motivacidn para esperar dichas extensiones es que el mecanismo de Higgs, si bien
funciona, no es la solucién mas satisfactoria desde el punto de vista tedrico por ra-
zones como el problema de las jerarquias que se origina porque la masa del boson
de Higgs recibe correcciones de cualquier escala a la que aparezca nueva dindmica,
como la escala de Plank caracteristica de la interaccidn gravitatoria. Luego para
mantener su masa a la escala electrodébil hace falta un nivel muy alto de ajuste fino

entre los parametros del modelo.

Hay multitud de teorias, extensiones del modelo estdndar, que intentan resolver
los problemas del escenario minimo y genericamente todas ellas predicen nuevos
estados que deberian ser observados en colisiones de energias alcanzables en el
LHC. Pero no fue asi, y tras el andlisis completo de los datos obtenidos durantel
el Run 1 y con los resultados preliminares del Run 2, el posible boson de Higgs
era la Unica nueva particula observada y dentro de la precisién experimental sus

propiedades coincidian con las del boson de Higgs del modelo estidndar.

Esta situacion es claramente “puzzling” para los fisicos de particulas porque
ademas de argumentos tedricos, sabemos de forma feaciente que el modelo estandar
no puede ser la teoria de la Naturaleza basandonos en hechos puramente observa-
cionales tales como la existencia de materia oscura, de neutrinos masivos, y de la

simetria materia-antimateria en el Universo.

Este era el escenario cuando el trabajo de esta tesis se inicid. En particular, la
falta de nuevos estados observados en el LHC nos sirvié como motivacion para el
uso de Lagrangianos efectivos como herramienta para testear en una forma inde-
pendiente de modelo una amplia variedad de datos con el fin de buscar posibles

desviaciones sobre las predicciones del modelo estdndar.

En el contexto de teorias de campos efectivas, los efectos de nueva fisica, que
se manifestarian de forma directa a una escala A superior a aquella alcanzable en
los experimentos estudiados, pueden parametrizarse en una serie de operadores
de dimensién mayor que cuatro y que aparecen en el Lagrangiano suprimidos por

potencias de A. Los capitulos se centran en este formalismo.

Para ello en el capitulo [2| tras una breve introducién sobre cdmo se construye
una teoria efectiva, presentamos en la secci]’on [2.1] el modelo estdndar como una
teoria de campos efectiva a bajas energias bajo la hipétesis de que la simetria gauge
estd realizada de forma linear, esto eso, que el campo de Higgs es un doblete fun-
damental de SU(2);. Dada nuestra ignorancia sobre sobre la teoria completa,

aplicamos un metodo “bottom-up” y escogemos la base para los operadores que es
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mads conveniente para el estudio de los datos existentes sobre el sector electrodébil.
En el mismo capitulo, tras describir en como construir una prescripcion con-
sistente para la definicién de todos los parametros, presentamos todos los tipos de
interacciones que vamos a utilizar en los andlisis descritos en los capitulos
Las expresiones relevantes para la incorporacién de los tests realizados a mds ba-
jas energias, en particular con datos del colisionador LEP (los llamados datos de
precisién electrodébil, EWPD) estan contenidas en la seccion [2.3] Las secciones
and contienen todos los vértices relevantes para el estudio de los vértices
de interaccién de tres bosones de gauge electrodébil, asi como los relevantes para

la produccién y desintegracion del boson de Higgs, respectivamente.

Los resultados presentados en los siguientes tres capitulos [3H3] representan la
secuencia temporal que se ha seguido durante esta tesis en en la determinacon de la
precision con la que las diferentes interacciones del sector electrodébil del modelo
estdndar estaban siendo probadas con los nuevos datos que iban siendo disponibles.
El objetivo tltimo de estos andlysis es buscar desviaciones de las predicciones del
modelo estandar que pudieran darnos informacién sobre el modelo completo en el
sector responsable para la generacién de masas.

El contenido del capitulo[3]se basa en el trabajo publicado en la Ref. [1]] y fue el
primer trabajo del autor de esta tesis en el marco de teorias efectivas. Como men-
cionamos anteriormente, el Run 1 del LHC habia generado una cantidad importante
de informacién sobre el nuevo estado “Higgs-like” detectado. Algunos de los test
realizados con estos datos se habian llevado a cabo en el marco de Lagrangianos
efectivos pero eran estudios en que el numero de operadores considerados se re-
ducia asumiendo que sélo algunos podian ser quantitativamente relevantes en el
LHC mientras que otros, en particular los que afectaban a los acoplamientos de
los bosones de gauge con los fermiones, estaban ya tan limitados por experimentos
anteriores (en particular por los experimentos de LEP) que no eran relevantes. Esta
“jerarquia” en la precision entre los experimentos de LEP y de bajas energias, y
los de LHC se empezaba a cuestionar por un serie de estimativas que aprecieron
en la literatura del momento. Esto nos motivé a realizar un estudio quantiativo que
permitiera de facto determinar rigurosamente si era asi. Para ello nos centramos en
el estudio de las auto-interacciones de los bosones de gauge electrodébil, en par-
ticular en los vértices triples WW Z and W W ~. EL objetivo era determinar si los
resultados obtenidos por los estudios sobre estos vértices, que usaban datos de pro-
duccidn de pares de bosones de gauge (W W or W Z) podrian verse afectados por

la modificacién del vértice fermionico involucrado en la produccién del boson de
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gauge intermediario en estos procesos. Para ello realizamos un analisis combinado
de los datos relevantes de produccién de pares de bosones de gauge en Run 1 del
LHC junto con los datos de precisién de experimentos de bajas energias incluyendo
en el andlisis todos los operadores de dimensién—6 que puedieran contribuir a estos
procesos, bien el en vértice W W V. bien en el vértice f fV. La conclusion a la que
llegamos es que de facto, ya con los datos del Run 1, se estaban alcanzando preci-
siones comparables a lo que tradicionalmente se entendia como “datos de precisién
electrodébil” para algunos operadores. Esto marca el final de los dnalisis parciales

si uno quiere hacer un test estadisticamente consistente del sector electrodébil.

En el capitulo 4] que estd basado en los resultados publicados en Ref. [2], nos
movemos en la direccidn obvia sefialada por las conclusiones anteriores: si quere-
mos testear consistentemente el sector electrodébil del modelo est andar necesita-
mos incluir todos los datos al alcance, de todos los sectores relvantes. asi como los
efectos de todos los operadores que pueden dar contribuciones a estos observables.
Ello incluye EWPD de los tiempos pre-LHC junto con todo los datos disponibles
del Run 1 de LHC asi como los dos primeros afios del Run 2 sobre produccién de
pares de bosones de gauge, y sobre la produccién y desintegracion del boson de
Higgs. Lo que constituye un total de 64 observables del Run 1 y 122 incluyendo
Run 2. El Lagrangiano efectivo que usamos contiene 20 operadores cuyos coef-
ficientes de Wilson son simultdneamente determinados en el fit global de todos
estos observables. Ademds de quantificar la precisién en la determinacionl de los
coeficientes, el andlisis permite identificar las posibles quasi-degeneraciones que
se presentan en el espacio de pardmetros y en las que desde un punto de vista
puramente observacional, nueva fisica podria esconderse sin contradecir ningun
dato. EL capitulo se complementa con un estudio quantitativo del efecto de in-
cluir términos de orden superior en la expansion effectiva a la hora de calcular los
observables (sec[d.2.4).

En el capitulo [5|presentamos los resultados del dltimo trabajo realizado en el
contexto de Lagrangianos efectivos Ref. [3]. En él extendemos nuestro andlisis
para quantificar el posible efecto de operadores que inducen acoplamientos de tipo
dipolar para los quarks ligeros y que no se habian considerado en los resultados pre-
sentados en el capitulo [ Estos operadores generan acoplamientos de los quarks
a los bosones de gauge con una estructura Lorentz diferente y por ello no se espera
que afecten a los resultados obtenidos, un hecho que verificamos explicitamente en
este capitulo. Alternativamente el estudio nos permite cuantificar la sensibilidad

de LHC a este tipo de acoplamientos en un regimen en que los quarks ligeros se
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pueden tratar como asintdticamente libres. También extendemos el tipo de observ-
ables considerados incluyendo los datos de Drell-Yan recogidos tanto en el Run 1
como el Run 2 de LHC. Concluimos que, de facto, para estos dipole-like couplings
la precisién de LHC es mejor que la que se obtienia del analysis de EWPD.
Finalmente en el capitulo [6] presentamos los resultados de un estudio real-
izado en el contexto de un modelo de masa de neutrinos. En el modelo estdndar
la simetria gauge implica que los neutrinos no tiene masa. Y por lo tanto no hay
mezcla de sabor en el sector lepténico. Pero sabemos por la observaciéon de os-
cilaciones de neutrinos que los neutrinos tienen masa y que el sabor lepténico no
se conserva y por lo tanto el modelo estdndar debe extenderse para incorporar es-
tas observaciones. Dado que el LHC es nuestra principal herramienta para testear
las extensiones del modelo estdndar, una cuestion obvia es si LHC puede darnos
informacién acerca de las extensiones que permiten generar masas para los neutri-
nos. Para ello obviamente uno debe centrarse en modelos que implican una escala
de nueva fisica que esta dentro del rango alcanzable en el LHC. En el capitulo [6]
basado en Ref. [4]], estudiamos un modelo de see-saw Type-III con “minimal lepton
flavour violation” en el cual los estados pesados asociados a la generacién de vio-
lacién de sabor leptonico pueden tener masas del ordel del TeV. El modelo es muy
predictivo ya que los modos de desintegracén de estos estados vienen determinados
por la estructura de sabor determinada en los experimentos de oscilaciones de neu-
trinos. El objetivo es estudiar como algunos édnalisis de busqueda de nueva fisica
realizados en el Run 1 de LHC pueden aplicarse a este tipo de modelos altamente
predictivos. En particular en el estudio presentado conseguimos extender el rango
de masas testeadas usando los datos de ATLAS de eventos que contienen dos lep-
tones cargados y dos jets procedentes del decay hadrénico del W y demostramos
c6mo es importante para la busqueda de este tipo de modelos que los experimentos
estudien la dependencia de sus resultados con el sabor y la carga de los leptones

producidos.
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Chapter 1

Introduction

It is impossible to separate the success of particle physics from collider physics.
The need of understanding the nature of the sub-atomic world was a driving force to
develop these powerful machines. The simple act of accelerating a particle between
two electrodes let Thomson discover the electron by studying the properties of the
beam. By going one step further beyond the simple act of accelerating a particle
and start to collide them, we are not simply probing some substructure or studying
its interactions. We are entering in the creation domain, which is the only way that
we know how to produce heavy or exceedingly rare particles.

For more than half a century, colliders have been in the forefront of studying
the Standard Model (SM) predictions. Hadron colliders such as the Intersecting
Storage Rings, which delivered the first pp collision or the Tevatron Collider, the
Fermilab machine, and at the present the Large Hadron Collider (LHC) have held
the high-energy frontier resulting in the discovery of particles, namely the W and Z
bosons and the top quark. Since its start, the accelerator technology of the collider
has progressed immensely, while the beam energy and luminosity have grown by
several orders of magnitude. Currently, the LHC is operating at a center-of-mass
(COM) energy of 13 TeV, which is roughly six times the operating energy of Teva-
tron.

In addition, collider experiments such as the Large Electron Positron (LEP)
at CERN, the Positron Electron Project at SLAC and the Hadron Electron Ring
Accelerator an ep collider at DESY, performed measurements that continuously
tested the SM at the precision level. An example of how precision measurement
can be important to physics Beyond the Standard Model (BSM) is the example of
the top quark. The precision measurements of e™e™ collisions allowed us to know

about the existence of the top quark, and even to estimate the value of its mass
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CHAPTER 1. INTRODUCTION

before it was directly discovered at the Tevatron. The synergy between precision
and energy is something that we need to keep in mind for the next generation of

colliders.

The pinnacle of both SM and colliders occurred when on July the 4th 2012, at
CERN Large Hadron Collider, the Higgs discovery was announced [5/6]], almost
50 years after being postulated [[7H12]. Why the discovery of the Higgs was so
important? The answer relies on one of the key pillars of the Standard Model: its

invariance under a particular gauge symmetry.

One may define the SM as a quantum relativistic Yang-Mills theory, described
by the symmetry group SU(3)c ® SU(2)r, ® U(1)y, where the subscripts are la-
bels which correspond to colour, left-handedness and hypercharge, respectively. It
describes the nature at the quantum level, in which fields are fundamental entities.
Particles observed in the nature can be thought of as excitations of those fields.
It is also compatible with special relativity, which implies that laws of physics
prescribed by the Standard Model are invariant under the proper orthochronous
Lorentz group of transformations. On the other hand, without the Higgs, we can-
not construct a SU(3)c ® SU(2)r ® U(1)y gauge invariant term with the known
particle fields. In particular it is impossible to generate mass for the observed mas-
sive gauge bosons and for the fermions. Additionally, the Higgs mechanism allows
for the careful cancellation of the center of mass energy s divergent amplitudes
of longitudinal gauge boson scattering, which ensures perturbative unitarity for the

SM at the TeV scale. Without Higgs, the theory would remain non-renormalizable.

Until 2012 the Higgs was the only missing piece of the SM, and its discov-
ery was a milestone in the LHC. At that time the future was promising since just
only after the first two years of recording LHC collisions and working at only half
its designed center—of-mass (COM) energy, a new state was observed. After its
observation, there was an obvious question. Was that the SM Higgs boson? Or is
some other particle predicted by some BSM extension? There are other alternatives
to explain the EWSB mechanism and solve some of the problems that the SU(2)
Higgs cannot solve. From the theoretical point of view it is not the most satisfactory
solution for issues like the hierarchy problem. In brief, the Higgs mass can receive
arbitrary high energy contributions up to the Planck scale, whose renormalization
implies that the EW scale is really fine-tuned.

There is a plethora of BSM theories which can address the hierarchy problem
of the minimal Higgs scenario. Some lead to an extended scalar sector such, as

supersymmetry (SUSY) models. Other involve a new strongly interacting sector to
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break the electroweak (EW) symmetry leading to composite Higgs-like particles.
Notwithstanding, the complete analysis of Run 1 data and the preliminary ones
from Run 2 data, indicate that this new particle is a scalar boson, with CP—even
properties, as in the SM Higgs scenario. Furthermore, it seems that the observed
state is directly connected to the electroweak symmetry breaking (EWSB), after

analyzing interactions with gauge bosons.

The situation is even more puzzling: until the moment there is no evidence of
any physics BSM at the LHC in the form of new states. Clearly this disfavours
any extension of the SM that predicts new particles at the TeV scale. But, besides
theoretical arguments as the hierarchy problem, we know the SM cannot be the
theory of Nature because of observational facts: like the existence of dark matter,
massive neutrinos and the baryon asymmetry in our Universe. Unfortunately with
its minimal scalar sector of EWSB, the SM at short distances, is a complete weakly
coupled theory in the sense that one cannot deduce an energy scale at which the
SM would be forced to be extended, even with the observations of these BSM

phenomena.

This was the scenario when this Thesis was initiated. The Run 1 of LHC had
reached its final luminosity, and the Run 2 was starting its operation. The lack
of NP states at LHC served us as motivation to look for an alternative approach,
instead of constraining ourselves to an specific SM completion. Here enters the
model-independent philosophy, where through the use of an effective Lagrangian
we start to confront all the existing available data and search for any possible devi-
ation of the SM predictions. Therefore, making use of the framework of Effective
Field Theories (EFT), it is not only an ingenious and systematical method to scru-
tinize NP at the low energy scale but also it is a stringent test to the SM.

In the context of an EFT, we follow an atheist path: NP is expected to manifest
directly at a scale A, which is higher than the scale at which the experiments are
performed. Any effect of new physics (NP) at the low scale can be parametrized
by a set of higher dimensional operators, that are suppressed by powers of the high
energy scale. The bulk of the work presented in this dissertation focus on this

approach.

With this aim, in Chapter 2] we introduce the SM as an EFT at low energy. Our
ignorance about the ultraviolet (UV) theory, and with no guidance of where the
scale of NP could be laying, lead us to a bottom-up approach, where the higher
dimensional operators used are driven by the existing data on the EW sector. Itis a

pragmatic approach and a safe choice if one wants to minimize the theoretical bias.
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CHAPTER 1. INTRODUCTION

In the same Chapter we start by introducing the relevant interaction vertex which
contribute to the data sets which we use to scrutinize the EWSB, in a framework
where the SM gauge symmetry is linearly realized, i.e.the Higgs is a fundamental
SU(2)r, doublet field. We use all the data available from Higgs interactions, from
the triple gauge coupling (TGC) interactions at LHC in addition to the precision
measurements from LEP, the so called electroweak precision data (EWPD). This
Chapter is supposed to set the roots of the analysis done in Chapters [3] 4] and [3]
. The results presented in these Chapters represent a step in the determination of
the precision at which the different interactions in the EW sectors of the SM are
being tested by the available data. The ultimate purpose of these analyses is to
look for deviations that would be translated in the future on information regarding
the UV completion of the SM. In particular testing the true nature of the particle
responsible for the origin of the elementary particles’ mass. The complementary
between the different data can unveil interesting correlations to test the nature of

the Higgs particle.

Chapter [3] is mainly based in the published work [1I]] and it is the first work of
the author of this Thesis in this framework. As mentioned above the Run 1 of LHC
had already provided important information about the properties of the discovered
Higgs-like particle and its couplings. Some of the analysis of the Run 1 data were
already performed in terms of effective Lagrangians. Still, they were performed
somewhat “partially” under the assumption that only certain operators could be
quantitatively relevant at LHC while others, in particular those affecting the cou-
plings of the fermions to the EW gauge bosons, had been already too severely
constrained by previous low energy colliders — in particular LEP— to be relevant
at LHC. This “hierarchy” of precision was being challenged at the time by some
estimates which appeared in the literature. This prompted us to quantify these
estimates more rigorously. To do so we focus on the study of EW gauge-boson
self-interactions. Our goal is to determine to what degree the extracted informa-
tion about the TGC from diboson production processes, could be affected by the
allowed modification of the gauge boson couplings to fermions. With this in mind
we consider the available relevant data from both the Run 1 of LHC and EWPD
from LEP, SLC and Tevatron to study the TGCs in the presence of NP in the cou-
pling of the gauge bosons to light quarks. All in the framework of dimension—6
operators, which means that we extended the basis of operators included with the
aim at studying the impact of the operators which affect the gauge couplings of

fermions on the determination of the gauge boson self-couplings. The conclusions

10



were that, indeed, already at Run 1 LHC measurements were starting to reach the

precision frontier. Good bye partial analysis.

In Chapter E],which is based in the publication [2]], we move in the obvious di-
rection pointed out by the conclusions of Chapter |3} if we want to test the EWSB
sector of the SM we need to perform a global analysis including all available data
from all relevant sectors and the effects of all operators contributing to the data.
Data included consist of EWPD from the pre-LHC times together with the avail-
able data from Run 1 and the first two years of Run 2 of LHC on diboson pro-
duction, and the bulk of measurements of Higgs production and decays. The ef-
fective Lagrangian employed involved 20 operators whose Wilson coefficients are
simultaneously determined by the global fit. Besides quantifying the precision on
the determination of these coefficients, the analysis allows for study the possible
quasi-degeneracies which are present in the large parameter space and where, at
least from the pure data-driven point of view, NP could hide in plain sight. Fur-
thermore with our analysis we could also quantify the effect of keeping higher
order terms in the effective Lagrangian expansion in the observables within the
present experimental precision. In brief, when making an analysis at given order
in the dimension of the operators included, one faces the issue of the order in the
Wilson coefficients at which the observables are to be evaluated. This is relevant
when the data is not precise enough, so keeping the expansion at the canonical
linear order may even lead to nonphysical results, such as negative cross sections.
In Chapter [4] we present a comparative quantification of the dependence of the ex-
tracted information on the Wilson coefficients of the twenty operators on the order

of the truncation of the effective Lagrangian series.

Chapter 5| contains the results presented in Ref. [3]] where we extend our analy-
sis to account for the possible effect of operators inducing dipole-like couplings for
the light quarks. Because of the different Lorentz structure of the couplings they
are not expected to modify the conclusions of Chapter 4] a fact that we explicitly
verify in this Chapter. Conversely the analysis allows for tests of these dipole-like
couplings in the asymptotic free regime for the light quarks applies. Also besides
extending the basis of operators included in the analysis we also add another ob-
servable in our list of processes studied: the Drell-Yan production of light leptons.
We find indeed that for these couplings LHC has well superseded the precision
from EWPD.

As mentioned above, there are other open questions in the SM without a satis-

factory answer. For example we ignore the origin of the Yukawa terms or how to
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CHAPTER 1. INTRODUCTION

explain the flavor structure observed in Nature. The fact that the SM is being de-
scribed by the SU (3)c ® SU(2), ® U(1)y gauge symmetry does not provide any
argument for such structure. In addition, in the SM there are no right-handed neu-
trinos, so it is not possible to have Dirac mass terms for them. So after the EWSB,
neutrinos remain strictly massless. Since, within the SM, neutrinos have definite
zero mass in all bases, any rotation of the neutrino fields in flavour space has no
consequence for the Yukawa Lagrangian. The charged-current Lagrangian remains
unchanged when going to the mass eigenstates, meaning that lepton mixing is ab-
sent from the SM. However, neutrino oscillations have been detected, which is
explained by the fact that neutrinos interact according to their flavour states and
propagate according to their mass eigenstates [[13[]. This is a clear evidence that
neutrinos have a small but nonzero mass. Consequently, the SM has to be modi-
fied in order to account for neutrinos’ mass and the corresponding lepton flavour
violation (LFV).

Up to this point our focus was on the scrutiny of the EWSB at LHC, and so
the origin of the particles’ mass from a model-independent point of view. But still
there are other alternatives to study physics beyond the SM, like direct searches at
the LHC for some particular signature in a model. Keeping ourselves in the domain
of testing the mechanism of generation of masses the next step of this Thesis is to
address the origin of neutrino masses. Indeed, a collider like LHC can also shed
light on the neutrino mass generation and which models are already tested at the
current COM energy.

Clearly this approach only applies to neutrino models which are testable at
LHC. The main drawback in most of the simple models is the fact that the small-
ness of the neutrino masses is usually related to extremely massive partners, clearly
out of the LHC reach. Nevertheless neutrino mass models with intermediate scales
can be constructed. Thinking still in terms of the effective Lagrangian description,
neutrino masses enter at dimension—five via the Weinberg operator which breaks
total lepton number. So the smallness of the neutrino mass is associated to the
scale of lepton number breaking. But LFV with lepton number conservation enters
at dimension—six in form of four—fermion operators. Models where the scale of
LNV and the scale of LVF are different can contain new states associated to LFV
which can be reachable at the LHC. Generically, neutrino mass models which are
being tested at LHC belong to this class of constructions. In the generic case, be-
cause what is being tested at LHC is the LFV sector of the model, there is no direct

connection between the flavour structure being tested at LHC and that measured in
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the neutrino oscillation experiments which is determined by the dimension—five op-
erator. The connection exists, however, if the model is minimally flavour violating
(MLFV). The possibility of constructing neutrino mass models which implement
these two conditions, TeV scale states and direct connection to neutrino oscillation
results, within the context of see-saw models has been explored in the literature. In
Chapter[6] we will study one such model of Type-III see-saw where the heavy states
can live in the TeV region and, not less important, the couplings of these states are
determined by the light neutrino masses and mixings. The focus of the work is
to stress how the condition of MLFV is very useful for direct searches at LHC as
it leads to highly predictable signatures. As a test case we show how using the
available data from LHC Run 1, we can establish exclusion regions for the model
parameters which extend beyond those probed in generic Type-III see-saw models.
The contents of this Chapter is based on the published work [4].

In brief, the purpose of this Thesis can be summarize as “to squeeze the juice”
out of LHC available data in order to study the mechanism responsible for EWSB,

or even trying to answer the question of how neutrinos acquired such a small mass.
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Chapter 2

Search for the Footprints of New
Physics Using Effective Field
Theories

There are many different scales in nature, although we do not need to know the
physics occurring at all scales to describe phenomena that occur at a given one.
Here enters the perspective of an EFT. Let us suppose that we know the form of the
high energy Lagrangian describing the observed light particles as well as the heavy
states not observed by our experiments. For the purpose of describing the physics
at energies below a certain threshold, one can integrate out the heavy degrees of
freedom of the theory, and obtain an effective Lagrangian where the effects of
heavy states are either absorbed in the renormalization of the existing operators in
the Lagrangian of the observed light states, or encoded in the coefficients of an
infinite set of new higher dimensional operators.

Following [[14]], we give a brief introduction on how one can integrate out the
heavy states. Let us start by postulate a theory containing the light degrees of
freedom ®; as well as the heavy ones, which we will denote by ®;. The most

general Lagrangian describing the theory is :
L=Ly + Lo, + L, , 2.1

where Lg, contains only the interaction and kinetic terms involving the light de-
grees of freedom, whereas Lg, depends only on the heavy degrees of freedom.

The interaction terms between light and heavy degrees of freedom are contained in

‘C@h@l'
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CHAPTER 2. SEARCH FOR THE FOOTPRINTS OF NEW PHYSICS USING
EFFECTIVE FIELD THEORIES

For simplicity, we assume that the heavy states are only linearly coupled to
the light states. Therefore, the Lagrangian containing both interacting and kinetic

terms with the heavy state is:

L= (0"0,0,0) — Mo, ®}) + ®4L (2.2)

1
2
such that L is some combination of the light fields, and represents the interaction

between the different states.

We may write the effective action We s [®; ],
¢Wert[®ri] = / [d®p] ¢t f d*oL(®n 1) (2.3)

and integrate out the heavy states. One way to do it is to complete the square. We
begin by defining the following shorthand notations,

D =0+mj, ,
D= [dyar@-y) L) .
) . 2.4)
(Oe +m3,) Ap (z—y) = =6* (x —y) |
H' (@) = H (2)+ [ dyar (-5 L)
The action can be rewritten as
1
/d4$£ (@h,q)u) = /d4fL‘ |:_2(I)th>h + LPy (2.5)

where we have integrated by parts. Then, using the relation LD~'L — LD~'L = 0

and followed by a succession of integration by parts:
1
/d4a;£ (®h, @1i) = =5 / d*z [2,D®), — L®), — L&) + LD 'L — LD L]
1
= —2/d4x (@, —-D'L)D(®, - D 'L) — LD L]
1
=5 / d'z [®),D®), — LD'L] .
(2.6)

In the previous expression, the heavy field was redefined as ¢}, = ®j, — D~'L and

we used the following relation
/ d*z (DD 'L) &), = / d*z (DSD™'L) . (2.7)
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2.1. AN EFFECTIVE LAGRANGIAN FOR THE ELECTROWEAK SECTOR
AND ITS LINEAR REALIZATION WITH A LIGHT HIGGS

In addition, as we are integrating over all values of the field at each point of
space time, we may change the variables D®), = D®,,, leaving us with an expres-

sion that does not depend on the heavy state,

eiWeff[L] — / [d@h] eifd4x,c(<1>h,L)
(2.8)
_ / [d®),] ot [ d*a[~ 59, D) +3LD71L]

where the term [ [d®}] ¢’/ d*z[~32,D%,] is an overall constant. From Eg. 2.9),

one obtains the effective action,
1
Weps L) = =5 / d*zd*yL (z) Ap (z —y) L (y) . (2.9)

Since L is peaked at small distances, of order —1/M, Qh, The local Lagrangian is
obtained by Taylor expanding

L(y)=L(z)+ (y—2)" [0uL (Y)]y=p + -, (2.10)
resulting in the approximate expression for the effective action,
1 1
Werp[L] = /d4x2L(:c)L(y)+... (2.11)
2 mg,

In the end, we integrated out the heavy states and, not less important, we see
that the remaining effects from the full theory, represented by L appear in inverse
powers of the heavy mass. Therefore, our theory at low energy will be described by
Ly plus the additional operators suppressed by the scale of the heavy states. An
earlier example of the application of an EFT in particle physics was Fermi model
of beta decay where the heavy degree of freedom has been identified with the fun-
damental particle now known as the W boson. The same fundamental principles
can be applied to the SM. If that so, we would be able to compute the effective
Lagrangian and see how the relevant observables change in the presence of effects
coming from high scale new physics (NP). In the following sections we discuss
the SM from the point of view of an EFT and the phenomenological implications
of higher dimension operators formed with the light degrees of freedom in the low
energy physics.

2.1 An Effective Lagrangian for the Electroweak Sector
and its Linear Realization with a Light Higgs

We can think of the SM as an effective low energy theory that retains as main in-

gredients the gauge group SU(2), ® U(1)y symmetry, the same particle spectrum

17



CHAPTER 2. SEARCH FOR THE FOOTPRINTS OF NEW PHYSICS USING
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as the SM and the spontaneous symmetry breaking mechanism as the agent respon-
sible for generating mass for each of the known elementary particle. The NP occur
at some new energy scale A while the breaking of SU(2);, @ U(1)y takes place
at the electroweak scale. If A is high enough, the new physics scale and with it all
new particles are properly decoupled.

One of the first assumptions for the low energy theory is that, even if there
is any NP effects on the EWSB sector, the observed Higgs particle is treated as
a fundamental field transforming as a light doublet under the electroweak gauge
symmetry, which is linearly realized in the effective theory [[15-32]. For a suffi-
ciently high NP scale relative to the energy scale being probed, the SM as complete
description for the Nature differs from the SM as an effective theory by a well de-
fined perturbative expansion. The NP effects modify the SM predictions, such that
the small effects are encoded in non-renormalizable terms proportional to powers
of 1/A. This approach further assumes that there are no new light degrees of free-
dom. The most general Lagrangian that describes the theory in low energy limit is
given by the following expansion:

I O (2.12)

Lop = Lou+ Y 22t

n>4,j

where Lgpr is the SM Lagrangian. The coefficients from the new operators en-
code the NP effects and are suppressed by powers of the full theory scale. For
sufficiently low momenta relative to the NP scale A and depending on the level
of precision needed to describe the interactions and possible effects from NP, one
can truncate the expansion series at some order. If we probe energies smaller than
A, then the truncation is formally justified. The first local operator of increasing
mass dimension d > 4 is the dimension—five the Weinberg operator [33|], which
generates Majorana mass for neutrinos and explicitly violates the Lepton number.
Since we assume that NP does not violate both Lepton and Baryon numbers, the
dimension five operator will be ignored in the effective Lagrangian. Also, given
the strong constrains from neutrino sector, in particular the smallness of neutrino
masses which makes cut-off scale much above the LHC energy, this operator does
not play an important role at LHC physics. Notwithstanding, in Chapter [6] we
will address the Weinberg operator, given its relevance to neutrino mass generation
models.

The next group of higher dimension operators is the dimension—six operators.
From the literature, we know that a minimal set of 59 dimension—six independent

operators [34] (up to flavor and Hermitian conjugation) generates the most general
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AND ITS LINEAR REALIZATION WITH A LIGHT HIGGS

S-matrix elements while conserving the Lepton and Baryon numbers and respect-
ing the SM gauge symmetry. We assume that dimension—eight operators’ effects
are negligible at the current level of precision available. Several analysis [35H37]]
shows that a fit of dimension—six operators to the LHC data is a valid approach to
capture the relevant phenomenology, even if the LHC constraints do not induce a
clear hierarchy of scales. In almost realistic weakly coupled scenarios, a basis con-
stituted by dimension—six operators is adequate to probe with sufficient accuracy
possible NP effects coming from specific UV-complete theories, with the exception
of high-energy tails of distributions [38]].

So the extension of the SM considered in this Thesis will contain dimension—
six operators. Furthermore for the processes studied we will only need to focus
on dimension-six operators (J,, which conserve C' and P. If we knew the full or
UV theory, one may integrate out heavy degrees of freedom obtaining the oper-
ators whose form is tied to the higher scale physics. However, without ~a priori”
knowledge on the form of the new physics, a basis should contain a set of operators
whose coefficients are more easily related to existing data from other well tested
sectors of the theory, namely the EWPD. We shall work in what has been referred
in the literature as the the Hagiwara, Ishihara, Szalapski, and Zeppenfeld (HISZ)
basis [18,[21]]. By choosing this basis, we maximize the use of bosonic operators
in order to to take fully advantage of the available data on the EWSB.

The operators considered can be classified according to the fields involved. The

relevant operators involving bosonic fields include:

Op =(D,®)'B*(D,®), 0s, =(D,®)I0d(DrD),
Ow =(D, @)W (D,®), Oso =10,(0T0)0"(010),

Opp =21Bu B , Op3 =3(10)?, 2.13)
Oww=0TW, WHe Op4 =(D,®)"(D"®)(dT®) , '
Opw =B, WHo |

Oce =PToGe, GL" | Owww=Tr[W, W,/ W,

Where the Higgs doublet is denoted by . The covariant derivative is given by
D,® = (0, +iigB, + ig%s W, )®. The hatted field strength tensors are B =
i% By, and WH = i1, W, while the fields strengths are given by:

B, = 0,B,—0,B,,

we, = W —0,Wi— ge™Whw (2.14)

Go, = 0,GL—0,G% — g f*™GLGE .

The couplings, g, ¢/, and g, denote the SU(2)r, U(1)y, and SU(3)¢ gauge cou-
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plings, and 7, are the Pauli matrices. G}, are the gluon fields and the electroweak
fields are defined as:

Wy = \7 (W ¥ W5)
1
ZEM T 21 g? (QWS —9'By) , (2.15)
1
ASM — (g’W/i)’ +9gBy) .

o 7
Vg +g?
For completeness we also list an additional set of four operators made up of
only EW and strong gauge fields. They do not contribute to the Higgs interactions

nor to triple electroweak gauge boson vertices and therefore do not generate effects

in the observables discussed in this Thesis:

Ocaa = i fareGoY GoP Gyl
Opw = (D“ Ww,) (D WP") . Opp = (auf}w) (apépv) @16
Opc = (D* G,u)” (D,GP)"

where (D Wm,)i = EJWWL, — geijkW“ijfy and where, in Opg, D* denotes
the covariant derivative acting on a field transforming in the adjoint of SU(3)¢,
(DFGuw)* = "G, — gs fabCG“bGzV. It is worth noting this set is not minimal
as the operators Opw, Opp and Opg are usually traded using the Equations of
Motion (EOM) for Owww and Ogga and some fermionic operators.

Next we also list the dimension—six operators which couple fermions to the
Higgs boson [34]] which can be classified according to the number of Higgs fields
involved. Those with three Higgs fields are:

Oco,ij = (®T®)(L;iPer;) |

Ous,ij = (P1®)(QsPur,) , (2.17)
Ouda,ij = (D10)(Q:Pdg ;)

and those involving two Higgs fields read:

Of) . = 11D, ®) Ly Ly),  OF),. = <DT(Z‘B‘L<I>)(EW WT,Ly),

Obdis = ‘I’T(Zgu ®)(Q*'Q;),  Oshis = <I>T(zDau<I>)(QﬁuT Q)),

Ofa &= @T(ZBM ®)(ur,ur,), 05133” = @T(iﬁucp)(dRﬂude), (2.18)
Oggd ij T(ZBM ®)(ur;y"dr, Oc(ple),ij - ‘I)T(igu‘b)(éRﬂ”eRj) ;

+h.c.),
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where we define ® = o2®*, @TB,@ = ®'D,® — (D,®)'® and @TBM) =
®'0?D,® — (D*®)To%®. We use the notation of L for the lepton doublet, Q
for the quark doublet and fp for the SU(2) singlet fermions, where 4, j are flavor
indices.

The complete basis of dimension—six operators also contains a group of dipole

fermionic operators (i.e. with tensor Lorentz structure). They are:

Oew,ij = tLijo"lp jW,,® OeB,ij = tLijo"lR jB,®
Ouw,ij = 1Qic"ur ;W ® Ou,ij = 1Qic"up jBL® , (2.19)
Oaw,ij = 1Qio"dr ;W ® Oup,ij = 1Qic" up jB,P

where ,5 are family indices.

Finally at dimension—six there is a plethora of four-fermion operators. For the
purpose of the work presented in this dissertation we only need the effects associ-
ated to the dimension—six four-fermion operator which (ignoring flavour indexes)
we write as

Orrrr = (LYW L)(LA"L) , (2.20)

and which contributes a finite renormalization to the Fermi constant (see Eq. (2.29)).

We notice that the listed basis of operators is not the minimal set, this is, not all
operators are independent as they can be related by the use of the classical EOM
thus leading to the same S-matrix elements [39-42]]. This means that we have
the freedom to choose a basis containing the operators better constrained by low
energy physics.

In the next sections, we derive the relevant vertices generated from extending
the SM Lagrangian with these new operators after accounting for finite renormal-
ization effects. Also we will use the freedom of choice provided by the EOM to
chose a basis for which each of the observables considered provides an independent

constraint.

2.2 Finite Renormalization: Definitions

Many of the operators induce finite field renormalization which requires us to ex-
pand the operators to account for their effects on the different canonical normalized
field definition, coupling constants and mass renormalizations.

Working in the unitary gauge the Higgs doublet is given by:

1 0
q)_\/i<v+h(x) ) (2.21)
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where v is the Higgs vacuum expectation value (vev). First we note that there is an

induced shift to the Higgs potential from Og 3:

Jo3

V(®) = kd(21D) + Mo(@1D)? - 123

(®T®)3. (2.22)

Leading to a shift in the minimum of the potential with respect to the SM,

2 ,Uo v fos3\ _ v? Jo3
- = o (14 2.2
W < 402 X > “°< TaAZ N ) (223)

where the index “0” denotes the SM value. As Og 1, Og 2, and Og 4 contain

derivatives of the Higgs field they therefore induce a finite wavefunction renormal-
ization for the Higgs field, so that the field with a canonical kinetic term is H:

r 2

1/2
H=h|1+ %(fm +2fs0 + f¢,4)] . (2.24)

To linear order this leads to a shift of the Higgs mass:

r 2

v
M?_I:Q)\ovz 1—2A2<f¢1—|-2f¢2+f¢4+f¢’ >:| (2.25)

Next we consider similar effects on the gauge fields. We note that Opgyy affects Z+~
mixing shifting the mass eigenstates from those in the SM:

2 12 —1/2
Zy = [1 - %Az fBW] ZSM,
9%q"” 2 sm  [ag'(s°—g SM
A = [ | AN [ | 23
(2.26)
and, additionally, that there are effects on the gauge boson masses:
2 72 2 2 12
M% = %02 [1 + ;W (f<1>,1 + fcp,4 WfBW)] 2.27)
2 2 .
M = So[1+ ;Wf‘PA} :
where we have defined g = 5~ ,¢ = 00 and again we have used the index “0”
Cw

to denote the SM Lagrangian parameters Notice that Oy and Og 1 contribute to
the Z mass, but not the W mass, therefore violating the custodial SU (2) symmetry
and contributing to the 7" parameter as will be discussed in more detail in Sec. [2.3]

In the next Chapters we will work in what is commonly referred as Z-scheme.
Besides having the most precise measured value of the strong constant g, the
measured mass of the Higgs and the fermion masses as inputs, we also use the most

precise measured values of the Fermi constant G, Mz and the electromagnetic
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fine-structure constant «, extracted from the muon decay rate, the Z line-shape at
LEP I and the Thompson scattering.
In this scheme Eq. (2.26) implies that the measured electric charge receives a

correction from the operator Opyy,
0 1, v?
e=Vidra=e" 1+ Ze fBWp . (2.28)

The measured Fermi constant as the coupling measured in the muon decay receives

the following corrections

2

v 1
Gr =Gy [1 +t 2 < 2froor + fq>L nt féSL),gg - 2f<1>,4>] : (2.29)

with 4GY%./v/2 = 1/v? where here v is defined in Eq. (2:23), ie it already contains

the shift in the potential minimum due to O 3.

In this scheme the Weinberg angle is defined in terms of the input quantities by

1 Ao
s2 1-—,/1— ——— 2.30
Sw =5 ( V2GR (2.30)

so it is related to the ”0” quantities by

2.2
= (0 {1+ 50 [ T (2.31)
2 3 3 .
—Czwcfwsav <%f¢,1 —2fron + féL),n + féL)QZﬂ }
2 0 \2 2 [ _e?s}
= (eh) {1—* [7WfBW
w w P 1A2 el —s%, - (2.32)
—ﬁ <§f¢,1 —2frorr + f<1>L 1T fq)L,22>} }
Correspondingly the W boson mass is defined from the relation M3, = M)cY,
where M{}, = £ and M) = 7”2;9%, S0
2 2
M2 = M22 14 22 Cw {; _ e
2 2k, T gt foo = s Tew 2.33)

A
+% ( 2fLLLL + fopan+ fg??)]} '

Finally we also notice that naively because of the bosonic operators Ogq, Opp
and Oww one would expect some contribution to the two-point functions of gauge

bosons as well as to WWV three-point-functions. Nevertheless, if we redefine the
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field strengths and coupling constants as [|21]]

2M2 1/2 2M2 -1/2
Wul/ == |:1 + AQW fWW:| WEVA/[ ’ g = |:1 + A2W fWW:| gSM 9
(2.34)
QM2 52 1/2 QM2 52 -z
B, = |:1+AZQVV BB] wal, g = [1+AZQWJCBB} g M,
(2.35)

their contributions are completely absorbed.

2.3 Corrections to the Electroweak Precision Observables

The electroweak observables provide information on the couplings of the Z and W
bosons to fermions which receive contribution both from corrections to the gauge
boson self-energies as well as to the vertices. The strongest constraints come from
LEP, where the processes et + e~ — V* — ff are in a good agreement with the
SM [48]].

When we adopt an effective description of the nature at low energies, these
observables are modified by the new operators. For the sake of completeness and

closely following [49]], we briefly summarize here the deviations from the SM,
X =Xsm +AX, (2.36)

where X g is the SM part of the quantity X and AX is the anomalous part of the
same quantity. Let us start by considering the correction H‘(/ZI'VQ to the gauge-boson

two-point-functions,
i TTHY ; q"q” . q"q”
— il (¢°) = —ILy Y2 (¢%) (g/W _ q2> — I () ( - > (2.37)

where we make a decomposition into the longitudinal contribution, Hgl V2 and the

transversal one, H¥1V2. The super-scripts V; and V5 indicate the vectors under
consideration. As for the V fi fo vertex corrections, and neglecting the fermion

masses, we have:

. 1

— AT (g) = i (1= 75) gI{ATT (¢, (2.38)
. o1

—iALFR (g) = —inu; (1= 95) gI{ATE (¢°) (2.39)
. 1

— ALY (q) =~ (1= 75) %AFEV (¢°) . (2.40)
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with . :{ as the third component of weak isospin for the external fermion f.
Finally, we form the gauge-invariant combinations,
AT (¢°) = ATIF (¢°) = 2swq* AT ()
AT (¢%) = A7 (¢°) = swa®ATT (¢7) — ew (¢° = M3) AT (¢°)
ATIZ? (¢%) = ATIZZ (¢?) — 2ew (¢ — MZ) ATZ (¢2) (2.41)
AT (¢?) = AT () 2 (6~ M) ATY ()
which allow us to define the contributions of these two-point-functions to four-

fermion amplitudes. The contributions are summarized by so-called oblique pa-
rameters S, T and U [47]

2 2
aAS = 4s¥cdy, (—Af[%ZZ (0) + MAH%Z,Y (M3Z)

SWew
+AI (Mg)) , (2.42)
AIIZZ (0) AW (0
aAT = ( ]\Tp( ) _ ]@2 ( )) : (2.43)
Z W

QAU = dsy <C%VA1‘1%,ZZ (0) — ATV (0) + 53, ATIYL (M3)
+2swew AL (Mg)) . (2.44)

where ~ ~
AL (¢°) — AL (mi,)
¢* —mg,

From the operators studied in the previous sections we see that O 1 contributes

AllZE (%) =

(2.45)

to the T parameter at tree level,

aAT = lv—Qﬁp 1- (2.46)
2A27

The reason is the following: we can see that 7" is the difference between corrections
to W and Z propagator, thus if any operator which induce different behavior for
the Z from that of the W, this parameter will be corrected. Since Og 1 induces a
shift to the Z propagator but not to 1, the T' parameter will receive a contribution
at tree-level. We would like to emphasize that, despite the contribution of Ogyy to
the Z mass and not that of the W, it does not contribute directly to the 7" parameter

since it does not modify the Z propagator.
Instead, Oy gives a tree-level contribution to the Z~ two-point function and

consequently a correction to S:

1 v?
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As for the U parameter, it does not receive any contribution at tree-level from
the previous operators, but only at the one loop level [49] by Opp, Oww, Op,
Ow and Og ».

The electroweak precision observables also receive linear contributions from
operators involving fermions, gauge bosons and the Higgs field listed in Eq.(2.18).
In what follows in order to prevent the generation of too large flavor violation, we
assume no generation mixing in the above operators and for simplicity we consider
the operators to be generation independent.

Altogether the interactions between the gauge bosons and the fermions are

given by:

Lyyr= (9L+QR) !

(2.48)

Sivo (g P P+ g0t Py ) + e

At linear order, we can write the corrections to the SM couplings of the Z
boson gf and the W boson gf r ) as [51]:

L(R) WL(R
Ag] R = gL RAgl +Q Agy + AQ,{,R ; (2.49)
Agffl = Agw + AQWL ) AQWR = Af]{:{%g (2.50)

The first contributions to the anomalous couplings of Z are given in terms of
the oblique parameters,

1 0GR
2
Agy = W ( ( At - 0GF ) ! aAS> (2.52)
Cow GF 4SW

and the same exercise can be done for the universal shifts in the couplings of the

W boson with left-handed fermions,

AMwy  10GF
Agw = . 2.53
W= T2 ap (2.53)
where, for convenience we have introduced the notation
oG F ’02
Gr =z (2o Fln + i) (2.54)
The coupling modifications that depend on the fermion flavor are given by
~ 3 ~
AGE = (4o — Fo0) AGh =~ o
~ 1 3 ~ 1
AQ%Z_T( ( ) ( ))7 Agil% 2A2f<§>d)’ (255)
~y 2 - .
AQL:_;W(4 fch)a Agr =0,
~ 2 ~ 1
Agi:_svﬁ(‘l +f<I>L) 5 Agp = 2A2f()'
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As for the couplings of the W' to fermions, in the SM we normalize the left (right)—
handed couplings as 1 (0) and the corresponding shifts on these couplings due

dimension—six operators are
AQQL = Agw + A?/éf L Ag&f R= Ag{Vf R- (2.56)

Finally the correction to the W mass in Eq. (2.33)) can also be written in terms of

the oblique parameters and the correction to the Fermi constant as

AMW C%/V 1 82 5GF
— = AT — AS + ——aAU — W "2 2.57
My 202Wa 402Wa + 88124/0[ 2cowv GF ( )

The relevant subset of observables constrained by the EWPD are:
e Z observables: I'z, 02, A (TPOZ), RO, Ay, A%B.

e W observables: My, Ty and BrlY,(W — [v),that are, respectively, its

average mass, its width and the leptonic W branching ratio.
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It is useful to write the departures of these observables, AOBS = %,

in terms of the corrections to the SM fermions couplings of the gauge bosons:
s (91 Agf + ghAgh) NE
2 2
S (Jof] -+ [oh]") ¢

(95005 + g500%) 2 (91AT +9RAgGE) ATy

AT, = 2T 7 501 : (2.58)

0_ o0
Aoy, = 20}, 50

!gi|2 + \9?3]2 > (‘9%\2 + !g}%ﬁ) Lz.sm
(2.59)
i >, (91 AT + 9kAgR)  (ghAgL + ghAgh
AR?zA(FZl):QRg{SM q(LqL2 RqZR)_(Llr5 RIQR) 7
7 O (7 R 1 IR U R 7
(2.60)

4 A4 A dq
AR = A < I% > _ 9RO (dLAgh + ghAgh) 2 (gL AY +gRAgR)
- - q,SM

q — had 112 112 o 12 112 ’
E R N (FTTS
(2.61)
919% Iat A
AAp =4Afsmu—r7 1 (EIRAQL - gLAQR) , (2.62)
s
o] bl
APPl = AA; (2.63)
AA, AA
AARL = AV ou < All Tff > , (2.64)
4 4
ATy = Tw.sur <3Ag%}VdL - BAgazL) : (2.65)
4 4
ABT’% = BT%SM (—3Ag%{§lL + 3Ag§[l/jL> . (266)

Notice that ngzd,i j contributes only to the right-handed coupling of the W,
therefore it does not interfere with the SM amplitudes and consequently is not
constrained by the EWPD at the linear order employed in the analysis. Notwith-
standing pp — WTW ™ and pp — ZW¥ at LHC can be used to study Oé}g d,ij at
quadratic order as we will see in Chapter []

As mentioned above the set of operators introduced in Sec. [2.1]is not indepen-
dent but they are related by the EOM. Since we truncate our expansion in effective
operators at dimension—six it is only necessary to consider the SM EOM. In partic-
ular, the EOM for the Higgs field and the EW gauge bosons lead to three relations
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between the operators:

2092 +20¢ 4 = Z <yi6jol<1>z‘j + yg‘jO@ij + y%OfM)ij + h.c.)
i
+2u0 (@1®) + 1200005 2.67)

/ 1
205 + Opw + Opp + g 2 <(9<1>,1 ~3 + (9<1>,2> =

g

1> (3081 + O — 605 + 408, 204 ,) , 2.68)

Du,it
1
20w + Opw + Oww + ¢ <O<1>,4 - 2(9@72)
_ g Z (05 55+ 08) - (2.69)

These constraints allow for the elimination of three operators of those listed in
Sec.211

At this point we are faced with the decision of which operators to leave in the
basis to be used in the analysis. First we need to be sure that there is no combination
of the anomalous operators whose contribution at the tree level to the electroweak
precision observables (EWPO) cancels out, i.e., we need to avoid what has been
referred in the literature as blind directions [[17,/52]. In general even when consid-

ering all LEP observables, there are always two blind directions [30]:

Obiina1 = ¢~ (Oq’»l - izogﬂz - ;Og)[)/n> + OBw ,
! (2.70)
® ¢
Oplind2 = Opw + Z OsLiiy -
i
This means that any two linear combinations of Eq. do not contribute to the
EWPO.

There is a deep relation between operators that do not lead to any tree level
contribution to the EWPO and blind directions. In fact, if the elimination of one
of these operators using the EOM leads to a combination of operators, each of
which contributes at tree level to the EWPO, then that combination defines a blind
direction because it has the same .S matrix element than the original operator and
therefore it should have no impact on the EWPO [[17].

As an example of it, we have the operator Og ». This operator does not con-

tribute to the EWPO, which means that we cannot constrain its Wilson coefficient,
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therefore it is a blind operator. If we use the EOMs (2.67)—(2.68) we can write

392(9@,2 =

2
g 3) 3)
20w + 40w + 20ww + b} E <O<I>L,ii + OLDQ,ii)

+97 1D (yfj(oeqp,ij)T + Y Ouij + Y (Ouaij)t + h.c.) 2.71)
ij

+2p0 (@1®) + 1220003 )

Only the operators Opy and ), (’)g’ 2 ;; contribute to the leptonic observables,
therefore the effect of Og - is equivalent to

2 (o9 S o8, 2.72)
392 4 - ®Lii

which defines the blind direction in Eq. (2.70).
Altogether Egs. (2.67)—(2.69) allow for the elimination of three of the opera-

tors. We need to take into account which data is going to be used to constrain the
Wilson coefficients from the operators. We want a basis that allow us to take full
advantage of the TGC, the Higgs data and the EWPD, by keeping all the operators
contributing to TGC and at least one operator per each new Lorentz structure in
Eq. .78). Therefore, we will remove Og 4 and both O<(I>3 2“ and (’)((; 2“ to avoid
blind directions (see Eq. (2.70)).

2.4 Triple Gauge Vertices

Within the framework of the SM, the trilinear vector-boson couplings are com-
pletely determined by the SU(2); ® U(1)y symmetry. In the SM there are sub-
tle cancellations between contributions from s-channel v and Z exchange and t-
channel fermion exchange that maintain perturbative unitarity. If there exists NP
at a higher scale, the form of these interactions can be changed, and consequently
spoils the cancellations that impose unitarity conservation, which makes the dibo-
son production a stringent test of the Standard Model.

The most general parametrization that describes the WIW Z and W W+, under

our assumptions of C' and P conservation as well as assuming at least one W boson
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on-shell, can be cast in the following Lorentz invariant form [43]]:

Lwwyv = —itgwwyv {gY (W:;W_“ — W+”Wu_l,) VY + ka;WV_V“V
A
Mg Wi W, “V”A} (2.73)

where V,, = 9, Vi, — 0V, Wy, = O W, — O, W, Vi = €7V, and V =
Z,~. By definition, gww~ = e = gsw and gwwz = gcw and electromagnetic
invariance requires g; = 1, such that sy = ¢'/+/ g% + ¢g'2 = sin Oy stands for the
tree level sine of the SM weak mixing angle.

These effective couplings were constrained by results from LEP2 and Tevatron
with a good precision [44]].

Any departure from the SM, while studying the diboson production, can be
parametrized as a shift of the dimensionless couplings in Eq. (2.73)),

V(SM
g’ =g ™ 4 AgY 2.74)

Z(SM) _ (SM) _ k(ZSM) _1

This parametrization is traditionally used by the experimental collaborations

such that the SM values of the couplings are g]

at LEP, Tevatron and LHC to measure the triple gauge vertices. Notwithstanding,
we can relate the dimensionless couplings with the new dimension—six operators
that parametrize our ignorance of what happens at a higher scale. First, we need
to know which operators are relevant for the diboson HISZ basis, the relevant pure

bosonic operators that conserve C' and P are:

Ow = (D,®) W (D,®) , Op=(D,®)B"(D,®) ,
Opw = B, WHe Og1 = (D, ®) 0o (D) (2.75)

Owww = Tr[W,ZW,f’W,’;‘] .
After renormalization and redefinition of the EW fields, coupling constants and
masses as described in Sec[2.2] any deviation of the dimensionless couplings can

be expressed in terms of the linear dimension—six operators Wilson coefficients:

P 5% 02

Agy = 82, A2 <fW +202WfBW) f<1>1A2 ;
g0

Aky = 8A2 (fw = fB —2fBW) , (2.76)
g*v? 9 9 482, c2, 1 v?

Aky =2V - -

kz 82 A2 <CWfW swfB+ p— Iew ooy fo, 142
392M2

A=Az = 52 W fwww

31



CHAPTER 2. SEARCH FOR THE FOOTPRINTS OF NEW PHYSICS USING
EFFECTIVE FIELD THEORIES

It is interesting to notice that the number of independent parameters is not five but

three, since the following relation holds,

2
Az =Xy, Ak, =AgZ - zTWAk;7 . 2.77)
w

2.5 Higgs Vertices

As the only new state discovered by the LHC, the Higgs boson and its interactions
may unveil some hints about the origin of the EWSB. Analogous to the TGC,
the most general parametrization that describes the Higgs interactions with the
gauge bosons, under our assumptions of C' and P conservation as well as assuming
the Higgs boson on-shell, is given by the following Lorentz invariant form in the

unitary gauge:

Lavv = gHggGr,G" + gy A AP H
S)ZWAMVZuaVH + g§{)Z»yAMVZHVH (278)
+ 9112 2w 2"V H + 931y 7 2 2" H + 411y 5 22" H
+a5iw (Wi W RO H +he.) + gighy Wik, W H
9w W W H

with V. = A W, Z G. Tt turns out that, following the same procedure as in
Eq. (2.74), where the dimensionless couplings are separated in terms of its SM
value and a shift introduced by the NP contribution, the tree-level SM value van-
ishes for every dimensionless coupling, with the exception of two cases:

@sm _ Mz @sm _ 2Mjcly . (2.79)

Iuzz = v 9gww = v

In the same way as TGC interactions, we can write the shifts of the dimension-
less couplings in Eq. as functions of contributions from linear dimension—six
operators. Besides the operators presented in Eq. (2.13)), we also have the following
CP even operators contributing to the Higgs interactions with the gauge bosons:

Ocg = @1 G9,Gmv , Oww ='W, W,
Opp = ®'B,, B"® , Opp = 1on (@10) 0, (2f0) , (2.80)
O 4 = (D,®)'(D'®) (0PT) .

In deriving the form of the couplings in Eq. (2.78) we account for renormaliza-

tion and redefinition of the EW fields, coupling constants and masses as described
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in Sec2.2] Altogether the dimension-six effective operators in Eq. (2.13) and
Eq. (2.80) give rise to the following anomalous couplings:

g v
Agrgg = —gfccp , (2.81)
62 v
Agryy = vy (fBB + fww — fBW) Az (2.82)
2
Agip), = — — f5) — 2.83
IHZ~ Dy (fW fB) A2 ( )
2 2
2 _eow (5w Cow v
Agpizy = 4sy <2cl2/VfBB —2fww + c%ﬁ,fBW> a2 (2.84)
2 2
n _ € Cyy v
Agpyy = i, <S%Vfw + fB> A2 (2.85)
2.2 4 2
Ag?) — v (Fw S v 5
9177 152, \ch fBB + fww + 2, fBw Az (2.86)
M2 v
Agiyz = —Z (for = 2foz+2fa0) 55 - (2.87)
(1) o € v
Agpivw = @fwﬁ : (2.88)
62 v
Ag%vw = —%fWWp ; (2.89)
M2c2 —2(3c2%, — &2
AQS%/VW = Z4 v [ ( CZVW ) foq —4foex+4fou
(2.90)

+4€2f v
Cowr BW A2 )

where coyy = sin 26yy. For convenience, the Wilson coefficient fgg of the gluon-
gluon operator was rescaled with a5 /(87) to include a loop suppression factor such
that its limits are of the same order of the Wilson coefficients of other operators.
Also in the expressions above, for completeness we have included the contribution
from fs 4 although as explained in Sec. we will remove this operator from our
final basis by making use of EOM.

Notice that the canonical coefficients fir and fp from TGC also contribute to
Higgs interactions. Such correlation is due to the fact that the Higgs is a doublet
charged under SU(2)r,, and would be absent in a chiral EFT, where one considers
a non-linear realization of the SM gauge symmetry breaking with a composite
Higgs [45]]. Here comes the importance of the complementarity between different
sources of data to constrain the dimension—six operators. In [46] it was shown that

Higgs boson production data at the LHC and Tevatron give rise to strong bounds
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on TGC, which are complementary to the bounds from the direct study of these
couplings in gauge boson production.

Concerning the Higgs interactions with fermions and recalling that in the SM
the Yukawa interactions take the form

Lyur = —y§;Li®erj — yQi®dr; — y5QiPur; + he. | (2.91)

where y/ is a 3 x 3 matrix, we find that the operators in Eq. modify the
Yukawa interactions. So after spontaneous symmetry breaking and renormalization
of fermion masses, mixing and Higgs wave function, the H f f couplings can be
written as

Lugs = gifﬁjﬁi Jr;H +hc., (2.92)
which in terms of the dimension—six Wilson coefficients has the following cou-
plings

f mf 1)2 ’U2
IHij = —71525 -1 (fo1+2fa2)| + mff(b,ij - (2.93)

We have denoted m{ as the physics masses of the fermions and f()g, as the
respective mass eigenstate, with f = w,d,e. The Wilson coefficients fg ;; in
Eq. are 3 X 3 matrices in the generation space and correspond to the opera-
tors in the mass basis.

We can easily identify the terms in Eq. (2.93)) proportional to the fermion
masses as the SM-like interactions, whereas the terms proportional to ffg ;; cor-
respond to the new interactions and are not necessarily flavor diagonal in the mass
basis (unless frep o< yh).

In the Chapter 4] we consider only the diagonal couplings of Higgs to the third
family and also to muon pairs, which are the only ones being currently tested at
LHC.

2.6 Dipole-like Couplings

Finally, we present the last set of dimension—six operators, relevant for the analysis
on the following chapters, which are the operators containing electroweak dipole
couplings to light quarks and which for simplicity we refer to as dipole operators
in what follows. More specifically, these operators are

Ouw,ij = 1Q;0" ur jW,,, ® OuB,ij = 1Q;0" uR ;

B,uyi) ’
= jhid ~ (2.94)
OdW,ij = ZQiO'“ dRJWw,(I) y OdB,ij = lQiO'MVuR’jBMV(I) .
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For simplicity, we will assume that the Wilson coefficient of the dipole oper-
ators are flavour diagonal and family independent so they induce dipole-like cou-

plings to photons, Z’s and W*’s of the form

ev [F y Z 7
gz_ﬁ { "D foh oA, + 1{2 fok faﬂzy}
) F - R - (2.95)
—ev [fa“”( R PL+ = PR> fo.W,f + hec
where Pr,g) is the left- (right-)handed chiral projector and
Foy _ fuw | fup  Fuz _cw fuw  sw fub
A2 A2 A2 A2 sw A2 cw A2
Foy  faw  faB Fyz  cw faw  sw faB
Sdy _ _ JdB _e_ Ay T Al 2.96
A2 AT A2 AT sy A2 oy A2 (2.96)
FE. _ 1 fuw FL.. _ 1 faw
A2 SwW A2 ’ A2 SWwW A2
The contributions of the dipole operators to the decay widths of the weak gauge
bosons are:
ATZ 1 2.4 ATW, 2
ff cv 2 ud _ € v
7 2 4| fZ| W 4(| udW’ +| dW’ ) - (297
%, gf Ny f 8A ) ©4A

The electroweak dipole operators are relevant since they contribute to any process
at the LHC initiated by the quark and antiquark components of the colliding pro-
tons, which means that they take part in the diboson production. We will test their
possible effect on the extracted information on the gauge boson self-couplings and
also quantify the constrains that the analysis can impose in the Wilson coefficients

of these operators.

2.7 Summary

In this Chapter, we lay the foundations of our analysis framework. It was discussed
how the SM can be described as an effective field theory at low energies, due to the
lack of experimental evidence of any new light state.

The machinery of the EFT applied to the SM consists in the addition of a new
set of operators, which we chose to write in the so called HISZ basis. The new op-
erators change the couplings, wave function, and mass renormalization for the SM
fields. We have shown how to account those effects and then, we found the Lorentz

structures generated for the TGC and Higgs interactions with gauge bosons and
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fermions. By also including the EWPO, we have the complete analysis framework
that shall be used in the next chapters to constrain the Wilson coefficients of the

dimension—six operators.

At this point there are several phenomenological aspects about the new opera-
tors that we need to emphasize. One of the first things that stands out is the fact that
dimension—six operators do not give rise to anomalous TGC among neutral gauge
bosons. It is also interesting to notice that the dimension—six operators containing
gauge field strengths Op, Ow, Oww, Opp provide a rich phenomenology, in the
sense that they contribute to the interactions between gauge bosons and the Higgs
state with new Lorentz structures. Furthermore, Op, Oy contribute to both Higgs
interactions and TGC, which shows the importance of complementary searches to
constrain the Wilson coefficients being studied. In Chapter @ we will use differ-
ent sources of data to constrain the Wilson coefficients in our basis. On the other
hand, the operator Oy only contributes to the diboson production, therefore

its Wilson coefficient can only be constrained by measuring the TGC.

In addition, Ogw, Oww, Opp operators also contribute at the tree level to
the diphoton decay of the Higgs boson. This channel, which is a loop decay in the
SM, is currently the decay mode measured with the highest precision. Taking into
account that Opgyy contributes to the S parameter and so its Wilson coefficient is
really constrained, we expect a strong correlation between the Wilson coefficients
of Oww, OBB.

Meanwhile, Oy, Os .1, Os 2 contributions are ubiquitous and stem from their
effect on the finite renormalization of the SM fields and couplings once the La-

grangian is canonically normalized.

The Wilson coefficient of the operator Og¢ contains not only contributions
of new possible colored states appearing in the loop connecting gluon pairs to the
Higgs, but also the effects of the anomalous operators that modify the SM Yukawa
coupling to bottom and top quarks running in the loop. This operator is especially
important, since it contributes at tree-level to one of the main production channels
of the Higgs, the gluon fusion.

We summarize the anomalous couplings of gauge and Higgs bosons induced
the bosonic dimension—six operators in Table

The fermionc operators in Eq. (2.18) mainly contribute to the fermion interac-
tions with the gauge bosons and to the EWPO. Therefore, we would expect that
they are really constrained and can hardly have any impact on the LHC processes.

Notwithstanding, in Chapter [3] we discuss how the analysis of the diboson pro-
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IWW | YWW | Hyy | HZZ | HZ~r | HVW
Owww | X X

Ow X X X X X

Op X X X X
Osw X X X X X X
Oww X X X X
Ops X X X

Og.1 X X X
Og2 X X

Table 2.1: Anomalous couplings of gauge and Higgs bosons induced the

dimension—six operators the we consider.

duction is changed when including these fermionic operators. In Table we
summarize the anomalous couplings to fermions generated by the dimension—six
fermionic operators (and the omnipresent Ogw, Os, 1, O 2). The same discus-
sion is applied to the light-quark dipole operators. We will see in Chapter [5| how
the LHC is already better than the LEP to constrain the Wilson coefficients of these

operators.
Hff Zqq | ZIl | Wad | Wl
Opw X | x| x | x
Os.1 X X | x| x | x
Op 2 X
o3 oL 6 X
o, X X
o, X
Ofus X
Ouo 33 Xt f=1t
Qv 33 X @Gf f =b)
Oco 33 X@Gff=m)
Ous 22 X @Af f = p)

Table 2.2: Anomalous couplings to fermions generated by the dimension—six op-

erators considered in the analysis.

In summary and after eliminating some of the redundant operators using EOM,

we can write the different parts of the total effective Lagrangian in the following
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CHAPTER 2. SEARCH FOR THE FOOTPRINTS OF NEW PHYSICS USING
EFFECTIVE FIELD THEORIES

way:
Eeff _ ESM + EEWPD ETGC + EYuk + EHVV + EDIP ’ (2.98)
where
154 £ £ fid o), for
EWPD _ J2Q »(1) , /®Q du Jod (1) cbe
+ fiw Jj(fl o1+ fLAL2L LOriir - (2.99)
rac _ fw /B fwww Joud (1)
Lejp = A2 o Ow + A2 298+ A2 Owww + A2 Opud,ij » (2.100)
££§‘§V = fGQG Oga + fW;y Oww + f3213 Opp + fq); Osp , (2.101)
A A A A
m My m
L3 = fx%u Oco 22 + fA2 Oca 33 + &2 Y Oua 33 + J; Oua 33 + hec
(2.102)
DIP - fUB Z OuB K13 fUW Z OuW’n de Z OuB K1
i=1,2 i=1,2 i=1,2
de 0 h.
> Ouwii +he. (2.103)
1=1,2

We decided to include the O((I)l’)u o4 in the TGC effective Lagrangian because it does
not interfere with the SM contributions to the EWPD observables at the order con-
sidered in the analyses of the next chapters, which is linear. As for the operators
Opw and Og 1, they are included in the EWPD effective Lagrangian due to the
fact that S and T" parameters are responsible for the stringent constrains on their
Wilson coefficients but their contribution due to the finite renormalization effects.
We notice that we make this labeling of the sectors of the full effective Lagrangian
for convenience but all operators contributing to given set of observables are always

consistently considered in the analyses presented in the next Chapters.
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Chapter 3

Approaching the Precision
Frontier with LHC: Effect of
Fermionic Operators on the
Gauge Legacy of the LHC Run 1

Within the framework of the SM, the trilinear and quartic vector-boson couplings
are completely determined by the SU(2)L ® U(1)y gauge symmetry. Therefore,
the scrutiny of these interactions can either lead to an additional confirmation of
the SM or give some hint on the existence of new phenomena at a higher scale.

The TGCs have been measured using data from e*e™ and pp colliders in the
hope of finding any deviation from the SM. The TGCs were for the first time di-
rectly probed at LEP2 [53]] and also in LHC, where the ATLAS and CMS col-
laborations studies of the W+ W= [54.55] and W*Z [56l/57] productions were
used to constrain the TGCs. The combined analysis of the LHC Run 1 produc-
tion of electroweak gauge boson pairs performed in Ref. [32] showed that the TGC
measurement is already dominated by the LHC data with better precision than the
previous results from LEP2 [53].

Because of the strong constrains from the EWPD, it was always assumed TGCs
dominance, i.e., the assumption that NP effects other than anomalous TGC are neg-
ligible in diboson production and therefore the analysis could be cast in terms of
an effective triple gauge vertex (TGV) parametrized as Eq. (2.73)). This hypothesis
is not obviously satisfied for arbitrary NP scenarios. Furthermore in a set of publi-

cations [58,,59]] it was estimated that changes in the couplings of gauge bosons to
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LHC RUN 1

fermions, even within the constraints from EWPD, could lead to modifications of
the kinematical distributions in gauge boson pair production at LHC of comparable

size to the ones stemming from the purely anomalous TGV.

This motivate us to extend the analyses of diboson production performed in
Ref. [32]], where only the effects of NP stemming from pure dimension—six bosonic
operators was considered, with the inclusion of the effects associated to the full set
of operators potentially contributing to these processes, which involves also the
fermionic operators (2.18)) as well as including Opyw and Oy (these operators
were also ignored due to the strong constrains on the .S and I" parameters). So in
this Chapter we revisit the analyses of the LHC Run 1 data on the WV~ and
W+ Z production to quantify the impact of anomalous couplings of gauge bosons
to fermion pairs on the TGC bounds when consistently including in the statistical
analysis also the EWPD.

3.1 Theoretical Framework

The effective Lagrangian relevant for study the TGCs from the LHC Run 1 data on
diboson production reads

fwww fw /B fBw
£eff:£SM+ AT —— Owww + A2 Ow+A2OB+ AT —=0Opw
1)
L faa foq A1) f<I>Q 8 5 o
e 12 000 + 35 05 + 4504 + 4 O
J}f@ oW + L0, G.1)

where we have included the fermionic operators as well as the ubiquitous operators
Opw and Oy;. The inclusion of the Higgs interactions is done in Chapter Here
the main purpose is to quantify how the couplings of gauge bosons to fermions,
even within the constraints EWPD, could lead to modifications of the kinematical

distributions in gauge boson pair production.

First we notice that the anomalous TGC as well as the anomalous gauge bosons
interactions to quarks modify the high energy behavior of the scattering of quark
pairs into two electroweak gauge bosons since the anomalous interactions can spoil
the cancellations built in the SM. For the W+ W~ and W+ Z channels the leading
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scattering amplitudes in the helicity basis are

2
S
Ald_dy — Wwy ) = A2 bln@{ 4902 (3¢, fw — st fB)
W1 (3.2)
+ JUso— 4f§23)} ,
4
A(d_d, — WIWD) = A32 sm939 Forww (33)
- S
A(dsd- — Wi W) = =i sinf {*‘1’2 W fp + f&)} , (3.4)
S
s g 2 2
Alu_iy — WFWy ) = A2 sin @ {2462(30wa + s3fB)
W1 (3.5)
1
— Fag +45 )>} :
2
A(uyu_ —>W0+W(;) =i sm@{ W B—fé,lu)} ) (3.6)
_ _ s 1 (3)}
Ald_ay — W Zy) = 0 - : 3.7
(d_uy 00)Z81n{4ffw Wk (3.7)
Ald_iy — Wy Zo) = i sme{ for — —— g”} (3.8)
42 2/27 %9

where s stands for the center-of-mass energy and @ is the polar angle in the center-

of-mass frame.

We notice that the leptonic operator Og e) does not contribute to the gauge bo-
son production amplitudes at LHC. It only contributes to the decay rate of the Z
boson in the ZW channels and in the narrow width approximation its effect is sub-
dominant as it cancels in the corresponding Branching Ratios. For this reason in
this chapter we will not consider it in the TGC analysis but it is kept in the EWPD

analysis.

3.2 Analysis Framework

In order to constrain the parameters in the effective Lagrangian in Eq. we
study W+~ and W*Z productions in the leptonic channel since these are the
measurements with the highest sensitivity for charged triple gauge boson vertices.
In doing so we consider the same kinematic distributions employed by the ex-

periments for their anomalous gauge boson coupling analyses what allows us to
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validate our results against the bounds obtained by the experiments in each of the
final states. More specifically, the channels that we analyze and their kinematical

distributions are

Channel (a) Distribution # bins (Np) Dataset | 0Osig  Ohek Ojiunc

WW — ¢+~ + Er (0j) | pgadinalepton 3 ATLAS 8 TeV, 20.3 fb~! [54] | 0.049 0.02 0.08 —0.14
WW = €500~ + Er (05) | mg0 8 CMS 8 TeV, 19.4 fb=1 [55] | 0.069 0.02 0.01-0.08
WZ — ¢+ (OF miyZ 6 ATLAS 8 TeV, 203 b1 [56] | 0.1 0.02 0.12-0.18
WZ — 0t (0%  Br Z candidate pt 10 CMS 8 TeV, 19.6 fb~1 [57) | 0.15 0.02 0.15-0.25

For each experiment and channel, we extract from the experimental publica-
tions the observed event rates in each bin, V!, as well as the background expec-
tations Ny, , and the SM W* W~ (W*Z) predictions, Nigm-

The procedure to obtain the relevant kinematical distributions predicted by
Eq. (3.1) is as follows. First we simulate the W+ ¥~ and W Z productions using
MADGRAPHS [63]] with the UFO files for our effective Lagrangian generated with
FEYNRULES [64,/65]. We employ PYTHIAG6.4 [66] to perform the parton shower,
while the fast detector simulation is carried out with DELPHES [[67]. In order to
account for higher order corrections and additional detector effects we simulate
SM W*W~ and W Z productions in the fiducial region requiring the same cuts
and isolation criteria adopted by the corresponding ATLAS and CMS studies, and
normalize our results bin by bin to the experimental collaboration predictions for
the kinematical distributions under consideration. Then we apply these correction
factors to our simulated W'V distributions in the presence of the anomalous cou-

plings. This procedure yields our predicted number of signal events in each bin ¢

N &nosys
,8ig

for the “a” channel,

The statistical confrontation of these predictions with the LHC Run 1 data is
made by means of a binned log-likelihood function based on the contents of the
different bins in the relevant kinematical distribution of each channel. Depending
on the number of data events in the bin we use a Poissonian or a Gaussian probabil-
ity distribution for its statistical error. In constructing the log-likelihood function
we simulate the effect of the systematic and theoretical uncertainties by introduc-
ing two sets of pulls: two globally affecting the predictions of the event rates in
all bins in fully correlated form — which parametrize, among others, the luminos-
ity uncertainty, and theoretical errors on the total cross-section for the process and
its backgrounds— and V;' independent pulls, one per-bin, to account for the bin-
uncorrelated errors arising from the theoretical errors affecting the distributions,
experimental energy resolutions and, in general, any energy and/or momentum de-

pendence of the uncertainties. With this, the number of predicted events in bin ¢
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for channel ais N = [(1+€8,) (1 + €2, ) Vo™ + (1 + € Nifa, |- The
errors of these pulls are introduced as Gaussian bias in the log-likelihood functions
and are extracted from the information given by the experiments. For completness

they are reported in the table above.

In order to validate our simulation we obtain first the 95% CL allowed regions
for the TGC for each channel and experiment under the same assumptions the
collaboration used. For example, we present in Figure [3.I] our two-dimensional
allowed regions using the ATLAS W W™ data and assuming that the only non-
vanishing Wilson coefficients are fyyww, fiy and fp, two different from zero at a
time, as in the ATLAS analysis. As seen in the figure, our results for the 95% CL
allowed region (blue region) agrees well with the one obtained by ATLAS, whose
border is represented by the black curve.

2
o]
o

__ ATLAS 95% CL 1

fa/ N2 TeV™
N s

\\6\\\‘\\\‘\\\‘\\\‘\\\
C
=
7]

0
=20
—40 10 95 99
_60 ‘ L L ‘ L L ‘ L L L L L ‘ L L L L ‘ L L L L ‘ L L L L i
-10 0 1 -20 -10 10 20

0 0
fuww/ N (TeV)? fu/ N (TeV)™?

Figure 3.1: Allowed regions in the planes fz/A%? ® fyww /A? (left panel) and
fB/A%® fi/A? (right panel) at 10, 95%, 99%, and 30 CL. The black line stands
for the border of the 95% CL allowed region obtained by ATLAS [54].

When including the effect of the additional operators we must also account for
their contribution to the EWPD. All the relevant expressions of the modificationof
the observables can be found in Sec. 23]l With that and the data collected we
construct the y2 function for the EWPD following the analysis in Ref. [51]]. In brief
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in our EWPD analysis we fit 15 observables of which 12 are Z observables [68]:

Tz, o, A, RY, A,(SLD), A%, RO, RY, A., Ay, A%,
and A%’ (SLD/LEP-I) ,

complemented by three I observables
My, T'w and Br(W — (v)

that are, respectively, its average mass taken from [[69], its width from LEP2/Tevatron
[48]], and the leptonic W branching ratio for which the average in Ref. [69] is con-
sidered. The correlations among these inputs are presented in Ref. [68]] and we take
them into consideration in the analyses. The SM predictions and their uncertainties

due to variations of the SM parameters were extracted from [70].

Altogether we construct a combined x? function

) L3) 1) L0
Xtre—r1+Ewpp = Xinc—ri(fw, f5, fwww, faw, f<1>,17f(;227 ;,é,f;,i,fé,i)

+X%WPD(fBW7f@,l,fé,%,fd(,%,féz,fgc)l,fé,le),fLLLL) , (3.9

from which we derive the allowed ranges for each coefficient or pair of coefficients
after marginalization over all the others.

Finally, for comparison, we also consider the constraints from LEP2 global
analysis of TGC [53]]. In order to do so we follow the procedure in Ref. [32] and
construct a simplified gaussian X%EPQ using the central values, o and correlation
matrix for the couplings Agy,, Ar. and X and their correlation coefficients from
the final combined LEP2 analysis in Ref. [[53]] (reproduced in Table for com-
pletness) which was performed in terms of these effective TGC coefficients under
the relations implied by dimension-six effective operator formalism for TGC. We
notice, however, that in extracting those bounds on the effective TGC couplings,
the LEP collaborations did not include the effect of fermion operators. For that
reason the combination of those LEP2 bounds with our LHC Run 1 and EWPD is
only shown for the purpose of illustration.

3.3 Bounds on Triple Gauge Interactions

Having the analysis framework defined, we can show the results in terms of the
allowed ranges for the Wilson coefficients of the three traditional TGC opera-
tors furww /A2, fw/A? and fg/A?. We depict first in Fig. the 95% CL (2
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LEP
68 % CL Correlations
Agf 0.05170053 1.00 0.23 —0.30
Ak, —0.06719-081 0.23 1.00 —0.27
A —0.0671505 —-0.30 027  1.00

Table 3.1: AgIZ , Ak, and A central values, standard deviations and correlation
coefficients from LEP2 [53]].

dof) allowed regions in the planes fz/A% ® fiv /A%, fuwww/A? ® fg/A? and
fwww /A% @ fur/A? for the WHW~ and W*Z channels and for ATLAS and

CMS, as well as the combination of these results.

~ 10}
Q!
2 L
] 5
T
S 0k
-15
20 -15 20
60
40
&
% 20
£ o0
~
S -20
e
-40
60 1 H 1 1 1 1 1 1 h 1 1 L 1 1
20 15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
f/A2 (TeV2) f/A2 (TeV2)
15
~ 10}
Q!
>
] 5
T
% -5
S 0k
15 1 1 1 1 1 1 1 1 1 1
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
fg/A\? (Tev-2) fgA2 (TeV2)

Figure 3.2: Allowed 95% CL regions in the planes fyww /A% ® fp/A? (top
row), fg/A? ® fi/A? (middle row) and fyww /A? ® fir/A? (lower row) for
the different channels as labeled in the figure. In the left panels only fyww, fw
and fp were considered non-zero in the fit, while the right panels display the result
from the 11 parameter fit. In each case we marginalize over the undisplayed non-

zero variables.
We can check the impact the impact of additional operators in the TGC extrac-
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tion at LHC by performing first an analysis where we fit just these three coefficients
and setting the coefficient of all other operators to zero. The corresponding allowed
regions are shown in the left panels after marginalizing over the third coefficient
which is not displayed. Conversely the results of the global analysis of the LHC
Run 1 data together with EWPD performed in terms of 11 non-zero Wilson coef-
ficients (see Eq. (3.1))) are shown on the right panels. These regions are obtained

after marginalization over the 9 undisplayed coefficients.
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Figure 3.3: 1o and 95% CL allowed regions in the planes indicated in the axes.
Here we considered the W+ W~ and W*Z productions and the EWPD in the
analyses. The data set and parameters used are as indicated in the figure.

One salient feature of Figure is that the W Z bounds on the Wilson co-
efficient fp/A? are much looser than the ones on fy /A and fyww /A? , as
expected, because Op does not contribute to the leading term of the growth of the

scattering amplitudes; see Eqgs. (3.2)-(3.8).

For better comparison of the results obtained with and without including the
additional operators we overlay in Fig. 3.3 the 1o and 95% CL allowed regions
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obtained combining all channels and experiments for the two scenarios. As we can
see from this figure the addition of more parameters leads to the expansion of the
allowed regions, as expected. Moreover, the region of fz/A? suffers the largest
shift towards positive values of this parameter while there is a small shift in the

fw /A2 direction and there is no appreciable displacement along the fiy /A2

axis.
—_ LHC-RI(30P) ___ LHC—RI(9 OP) + ENPD _... LHC—RI (9 OP) + EWPD + LEP2

o, 9 T TYroroT TTTTTIuTT b T T T T T T DN T T T T T

¢ | \ . ! \ ' \ |

X L 1L L i
6 - ] - - ]
3 - ] - - ]
o 7\ | '\'\ | \7 i Al i Il Il Il \$ % Il ]
=10 0 10 0 50 -5 0 5

fu/ N (TeV)?2 fo/ N (TeV)™? fwww/ N (TeV) ™2

Figure 3.4:  Ax? dependence on the fiy/A? (left panel), f5/A? (central panel)
and fy/A? (right panel) parameters after the marginalization over the remaining
fit parameters. The solid black line stands for the standard TGC analysis, while the
solid blue line represents the 9 parameter fit to the LHC Run 1 data and the EWPD.
The dashed blue line differs from the solid ones just by the addition of LEP2 data
on TGC.

The corresponding dependence of the Ax? for the two analysis with each of
the three coefficients is given in Fig. [3.4] and from those we read the 95%CL one-
dimensional allowed ranges for each coefficient given in Table[3.2] As seen above,
the Ax? distribution for f5/A? (fy/A?) broadens and shifts to positive (negative)
values when we compare the results considering only the LHC Run 1 data and
three canonical parameters (solid black line) with the one containing additional
operators also constrained by the EWPD (solid blue line). Quantitatively the effect
is slightly larger for f5/A? whose allowed range widens by about 30% versus 20%
for fyr /A2,

The effect of each of the six additional operators on the extracted range of the
three traditional TGC operator coefficients is illustrated in Figure [3.5] where we

depict the two-dimensional correlations between the three TGC coefficients and
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Figure 3.5: 1o and 95% CL allowed regions in the planes indicated in the axes.
Here we considered the W+ W~ and W*Z productions and the EWPD in the
analyses.

the additional ones. In each panel of this figure we exhibit the 1o and 95% CL
level (2 dof) allowed regions after marginalizing over the remaining parameters.
As we can see, fg/A? has a significant correlation only with fng /A% and to a
lesser extent is (anti-) correlated with fgc)g JA? ( fgg /A? and f&) /A?%). This is
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expected as these are the operator coefficients contributing the growth of the scat-
tering amplitudes into longitudinally polarized gauge bosons (Egs. (3.2)- (3.8)).
1)

In particular the correlion with fém /A2 can be understood from the scattering am-
plitude in Eq. (3.6). Similarly fi;y /A% shows a stronger anti-correlation only with
fgj /A? and to a smaller degree is correlated with fg)c)g /A% and f&) /A2, Finally
from the third column of this figure we can see that fyyw/ A? shows no correla-
tion with the additional parameters as expected since Oy contributes by itself
to the energy growth of the scattering amplitudes for transversely polarized gauge

bosons.

The impact of the LHC diboson production data on the determination of the
parameters directly constrained by the EWPD is illustrated in Fig. [3.6] that depicts
the Ax? distribution as a function of these parameters where the magenta (blue)
line stands for the result obtained using the EWPD (and the LHC Run 1 diboson
production data).

The top left and middle panels of this figure show that the addition of the LHC
data does not alter the constraints on fgy /A? and fe;/A? parameters. This is
easy to understand since these parameters do not modify the high energy behavior
of g — V'V amplitudes; see Eqs. (3.2)—(3.3). This is expected from Og ; as it
only contributes to the amplitudes via finite renormalization effects of the SM pa-
rameters. The operator Opgyy, on the other hand, modifies the TGC directly also,
however, its effects on the Z wave-function renormalization cancel the growth with
the center—of—-mass energy due to the anomalous TGC. From the top right, bottom
left and middle panels we can see that the impact of the Run 1 data on fég /A2,
fg)c)g /A? and fgzz /A? is marginal. fgd) /A? is the only parameter whose Ax? distri-
bution gets significantly affected. The EWPD analysis favours non-vanishing value
for f&) /A? at 20, a result driven by the 2.7 discrepancy between the observed
AOF’E and the SM. On the contrary no significant discrepancy is observed between
the observed LHC Run 1 diboson data and the SM. Hence there is a shift towards
zero of f&) /A? when including the LHC Run 1 data in the analysis. This slight

tension results also into the reduction of the globally allowed range.

We finish by comparing our results with the bounds derived from LEP2 dibo-
son data. To do so we plot in Figure the two-dimensional 95% CL allowed
regions for the three combination of the canonical TGC parameters for the analysis
with and without additional operators together with the LEP2 results. As shown
in Ref. [32], the limits emanating from the canonical LHC Run 1 diboson data
(black solid line) are substantially more stringent than those imposed by LEP2
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Figure 3.6:  Ax? dependence on the fpw /A2, fo1/A? félQ)/AQ, fgg?/AQ,
fgg /A2, and fg‘l) /A? after the marginalization over the undisplayed parameters.
The magenta line stands for the results using only the EWPD while the blue one is
obtained considering the EWPD and LHC Run 1 diboson production.

(black dashed line). As seen in this figure, enlarging the number of operators in
the LHC analyses, together with the EWPD, does not alter this conclusion despite
the growth of the allowed regions (solid blue line). For illustration we also show
in the figure the allowed regions obtained by naively combining the general LHC
Run 1 + EWPD analysis with the LEP2 information. As seen, including LEP2 data
in the approximation used leads to a reduction of the allowed regions in the fp/A?
direction, as well as to a shift of it towards negative values (see also the dashed
blue line in Fig. [3.4).
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Figure 3.7: Two-dimensional 95% CL allowed regions in the planes indicated in
the axes. Here we considered the W+ W~ and W= Z productions, LEP2 data on
TGC and the EWPD in the analyses. The lines are as shown in the figure.

3.4 Summary and Conclusions

In this Chapter we have quantified the impact of possible anomalous gauge cou-
plings to quarks on the TGC determination performed using the LHC Run 1 dibo-
son data. In order to carry out a statistically consistent analysis we have included
in addition the EWPD to constrain the couplings between quarks and gauge boson
as well as the modifications of the gauge boson self energies.

As usual, in order to study any possible deviation from the SM, we worked in
model-independent framework of effective lagrangians. In particular, the effective

lagrangian for study the effect of the fermionic operators in LHC gauge legacy,
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presented in Eq. (3.1), includes 11 dimension-six operators.

As a summary of our findings we present in Table the 95% CL globally
allowed ranges for the Wilson coefficients of the nine operators that contribute to
the LHC Run 1 data considered.

coupling 95% allowed range (TeV~2)
LHC RI (3 OP) EWPD LHC RI (9 OP) + EWPD

fw (-3.9, 3.9) — (—5.6, 4.0)
/B (—15, 20) — (—11, 36)

fwww | (=24, 2.5) — (—2.4, 2.6)
IBw — (—-0.32, 1.7) (—0.33, 1.7)
Ja1 — (—0.040, 0.15) (—0.042, 0.15)
fég — (—0.083, 0.10) (—0.048, 0.12)
5 — (—0.60, 0.12) (—0.52, 0.18)
£ — (—0.25, 0.37) (—0.19, 0.42)
féf} — (-1.2, —0.13) (—0.73, 0.023)

Table 3.2: 95% CL allowed ranges for the Wilson coefficients of the dimension—
six operators that contribute to the studied processes in gauge boson pair production
at LHC. The ranges for each parameter are obtained after marginalization of the
coefficients of all other operators contributing to each analysis. In particular the
results given in the third and forth column are obtain after marginalization over

félg and frrr1 as well.

The comparison of the the first and third columns of this table shows that the
addition of the new operators modifies the TGC bounds on fg/A? and fi /A2
coming from the LHC Run 1 diboson. Quantitatively the effect is slightly larger
for fp/A? whose allowed range widens by about 30% versus 20% for fy/A2.
The limits on fr1y71w7 /A2, on the contrary, result almost unaffected. Despite these
changes, the constraints on these parameters are still dominated by the LHC Run
1 data at large, and are still substantially stronger than those obtained from LEP2
data.

We have also learned from our analyses that the LHC Run 1 diboson data is not
precise enough to yield substantial information on the gauge couplings to quarks

in addition to what is already known from EWPD; contrast the second and third
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columns of Table The only apparent exception is fg‘l) /A% which in the consid-
ered family universal scenario is driven to be non-zero in the EWPD analysis by the
discrepancy between the measured A%’g at LEP/SLC and the SM while LHC Run
1 data shows no evidence of any deviation with respect to the SM. Nevertheless,
these results allow us to foresee that diboson production at the LHC will play an
important role in the analyses of anomalous couplings of gauge bosons to quarks
as the LHC increases the integrated luminosity. Hence global analysis of LHC and
EWPD are becoming a must for consistent determination of the Wilson coefficients
of the full set of dimension—six operators.

The end of this chapter points in a clear direction: if we want to include the
Higgs observables in our analysis, we definitely need to take into account the
fermionic operators. The reason is the following. Operators like Oy ans Op en-
ter in the Higgs observables, like we saw in Chapter [2] If the fermionic operators
affect the bounds of the Wilson coefficients of these two operators, then indirectly
should have some effect in the other ones contributing to the Higgs interactions. In
the next Chapter we shall tackle the question.

Moreover, there is strong take home message, after the analysis of this Chapter.
The LHC is getting competitive with LEP, in the sense that what although LHC
started as a discovery machine — since higher energies are more easily achieved —

now it is also capable of doing precision physics.
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Chapter 4

Status after RUN 1 and RUN 2: A
Combined Analysis of LHC and
Electroweak Precision Data

As we have seen in Chapter 3] the LHC is reaching a precision that for some analy-
ses already surpasses the one of LEP, which makes the fermionic operators relevant
for any global analysis of the LHC data in the context of an effective Lagrangian
approach. We have seen that within the present LHC statistics, changes in the
couplings of gauge bosons to fermions, even within the constraints of EWPD can
lead to modifications of the kinematical distributions in gauge boson pair produc-
tion at LHC of comparable size to the ones stemming from the purely anomalous
TGC. Moreover, in Chapter [2| we verified that some operators like Oy and Op
contribute to both Higgs interactions and TGC. And so, indirectly the fermionic
operators influence the determination of the Wilson coefficients for the operators
entering the Higgs observables.

With this aim, in this Chapter we perform an analysis combining the EWPD
with all relevant final Run 1 and the most up to date Run 2 Higgs observables in
terms of signal strengths or ratios of cross sections and branching ratios, together
with the kinematics distributions from both W*W~ and W*Z production. In
this respect, this analysis extends and updates previous partial constrains on Higgs
anomalous couplings and TGCs [29-32].

Finally, as we will see in Chapter [5] the constraints derived on all the Wil-
son coefficients of those non-dipole operators entering the tests of the electroweak

gauge boson sector are robust under the inclusion of the light-quark dipole op-
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erators. Therefore, without loss of generality, they will not be included in the
following global analysis presented in this Chapter. Altogether, the total effective

Lagrangian that we consider is
Lot = Loy + Lo+ Lag™* + Lo + Loy @.1)

where L’Ef}}v PD Eeng;C, Ezf‘flk and £§ﬂy V- are given by Eqs. (2.99), (2.100), (2.102)),
(2.101)), respectively.

Before proceeding to the analysis, there is one theoretical interesting aspect

that needs to be discussed. In this Thesis, it is the first time that we are including
the Higgs observables in our analysis. There is enough experimental information to
individually bound the 20 Wilson coefficients but there are still important discrete
(quasi-)degeneracies. They can be understood in terms of sign flips of the couplings
of the Higgs to gauge bosons and to fermions with respect to the SM. For instance,
the coefficient of the HW,F W™+ vertex is

g*v v? ([ foa fao2
<2> [1—4(1\2 +25 )] . (4.2)

we anticipate a degeneracy with the SM results for fp 2/ A? = 0 and around

foo/ A? = 4/v? ~ 65 TeV~2. These points in parameter space are also nearly
degenerate for the vertex HZ,Z".

As for the Higgs couplings to fermions, anomalous interactions can also lead
to Yukawa couplings of the order of the SM ones but with a different sign as the
coefficient of the H f f vertex is now

2
my 07 faop [y
—— 1= —=| == 2=% 4.3

- (B e velt)] @3
where f = p,7,b,t. Since fp2/ A2 has two different values compatible with
flipping the sign of the SM HV'V' coupling, we can anticipate that f/ A? will have
2 x 2 degenerate SM-like solutions, two corresponding to f;/A = 0, and the other
two with f7/A = £2v/2/v% ~ 45 TeV 2.

A further source of degeneracy is the effective gluon-gluon-Higgs interaction
associated to the operator HGY,, G**" whose coefficient is

1 49 asvfea

TaUsn T g e @4

where G¥{; ~ —5.3 x 1072 TeV~! summarizes the SM one-loop contribution.
Flipping the sign of the SM contribution leads to the existence of a SM-like solution
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for faa/A? ~ —4n/(vas)Gggsm ~ 25 TeV 2. The equivalent effect is present
in the photon-photon-Higgs coupling H F},, F'* with a coefficient

e*v fww + feB — fBw
4 A2 ’

— iGgKA + (4.5)
where G} ~ 3.3 x 1072 TeV !, and a SM-like solutions for the H~~ decay can
be found for (fww + fes — few)/A? ~ 2/(ve*)Gyysm ~ 3 TeV—2. This de-
generacy, however, is only approximate because EWPD independently constrains
fBw and the measurement of the effective photon-Z-coupling H F},, Z*” bounds
a different combination of fy v, fep and fpw. The reason to emphasize the
presence of discrete (quasi-)degeneracies in the parameter space of some Wilson
coefficients is two folded. First, the marginalization of the profiled binned log-
likelihood is computationally very expensive due the high dimensionality of the
parameters space, therefore we can test our minimization method by anticipating
where are the discrete (quasi-)degeneracies in the parameter space. Second, these
degenerate solutions mean that, even with SM-like data, there can still be large NP
contributions in the form of these particular operators which cannot be ruled out
on the basis of the observations.

4.1 Analysis Framework

In order to constrain the Wilson coefficients of the dimension—six operators in the
effective Lagrangian Eq. (4.1, we considered the EWPD, diboson production and
Higgs signal strengths.

In the EWPD analysis we take into account the 15 observables of which 12
are Z observables and supplemented by 3 W observables and with those construct
X&wpp Which is a function of eight Wilson coefficients (see Eq. (3.9)) as discussed
in both Sec.[2.3]and

As described in Chapter [3|the structure of the electroweak triple gauge boson
coupling has been the subject of direct scrutiny in gauge boson pair production at
LEP2 [53]] and the Run 1 of LHC where the ATLAS and CMS collaborations have
used their full data samples on W W~ [54,/55]] and W+Z [56l[57] productions to
constrain the possible deviations of TGC’s from the SM structure in terms of the
effective Lorentz invariant parametrization of Ref. [43] or in terms of coefficients
of some of the relevant dimension—six operators. For Run 2, the number of exper-
imental studies aiming at deriving the corresponding limits is still rather sparse. In
particular ATLAS [71] has presented some results on bounds on TGC couplings
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Channel (a) Distribution # bins Data set Int Lum

WW — €10~ + Fr (0) | peadinglepton 3 ATLAS8TeV, 20.3fb~![54]
WW — 40~ + Er (05) | myp0 8  CMS8TeV, 19.4 fb=1 [55]
WZ — ¢+ 0+ miZ 6  ATLAS8TeV, 20.3fb~![56]
WZ — 0= 00* + By Z candidate pff 10 CMS 8 TeV, 19.6 fb~1 [57]
WW — e*u® + Er (05) | mr 17 ATLAS 13 TeV, 36.1fb~" [73]
WZ — 0% my? 6  ATLAS 13TeV, 36.1fb~![72]

Table 4.1: Data included in the EWDBD analysis.

from W Z production but still with data collected with 13.3 fb—!. With this lim-
ited luminosity, the TGC sensitivity is still below that of Run 1. However, ATLAS
has also presented results on their measurements of diboson production at 13 TeV
with higher luminosity and this data can be used to set better constraints on TGC.
With this aim in here we use the ATLAS results on W Z production [[72[] and on
WW [73] both with 36.1 fb~! as we describe next.

In order to obtain the bounds on the Wilson coefficients in the effective La-
grangian in Eq. @) we study the W+ W~ and W Z productions in the leptonic
channel using the available kinematic distribution that is most sensitive for TGC
analysis. More specifically, the channels that we analyze and their kinematical dis-
tributions are listed in Table [A.I} For each experiment and channel, we extract
from the experimental publications the observed event rates in each bin, N/, as
well as the background expectations N, and the SM WHW— (W*Z) predic-

1 a
tions, Nmm.

The analysis of the Run 1 electroweak diboson data (EWDBD) has been de-
scribed in Chapter Concerning the Run 2 EWDBD analysis, for the W/~
final state we study the transverse mass distribution in the ATLAS 13 TeV ggF sam-
ple. We extract from Fig. 4 in Ref. [73]] both the data, the non-WW backgrounds,
as well as the SM W W contributions in each of the 17 bins in the transverse mass

variable

mr = \J (B + )2 — |l 4 s (4.6)

with ETM =4/| 15%2 + m3, and the transverse momentum (invariant mass) of the

lepton pair denoted by ]5’555 (mye). The statistical uncertainty is given by 4 /NZKW
where we combine the contents of the last 3 bins to ensure gaussianity. Theoretical
and systematic uncertainties can be found in Tables 5-7 of the same reference.

For the 13 TeV W=7 final state, we make the analysis using the transverse mass

58



4.1. ANALYSIS FRAMEWORK

distribution in Fig. 4c in Ref. [72] which is presented in terms of W*Z signal
events in 6 bins covering all values of sz Z (last bin containing all data above 600
GeV) and already background subtracted. From the lower panel of the same figure
we read the statistical, total experimental and theoretical uncertainties in each birﬂ

With that information the procedure to obtain the relevant kinematical distri-
butions predicted in presence of the dimension—six operators is the same followed
for our Run 1 EWDBD analysis in Section First we simulate the W W~ and
w+Zz productions using MADGRAPHS [63] with the UFO files for our effective
lagrangian generated with FEYNRULES [|64,/65]]. We employ PYTHIA6.4 [66] to
perform the parton shower, while the fast detector simulation is carried out with
DELPHES [[67]]. In order to account for higher order corrections and additional
detector effects we simulate SM W W~ and W=*Z productions in the fiducial
region requiring the same cuts and isolation criteria adopted by the corresponding
ATLAS studies, and normalize our results bin by bin to the experimental collabo-
ration predictions for the kinematical distributions under consideration. Then we
apply these correction factors to our simulated WV distributions in the presence
of the anomalous couplings.

The statistical confrontation of these predictions with the LHC Run 2 data is
made by means of a binned log-likelihood function based on the contents of the
different bins in the kinematical distribution of each channel. Besides the statis-
tical errors we incorporate the systematic and theoretical uncertainties added in
quadrature to the uncorrelated statistical error in each bin assuming some partial
correlation among them which we estimate to range between 30% and 70% with
the information provided. Altogether we build the corresponding X%)WDBD with
the Run 1 and Run 2 results which we combine with the EWPD bounds so we have

3 L1 L0
Xewpp+EwpeD (B, fw, fwww, few,fe.1, fé%)v fé,ég, fé,iu

PO IS frinn) . @)

This represents the extension of Eq. (3.9) including also the results on EWDBD
from Run 2.
As for Higgs processes, we use the available data from Runs 1 and 2 from the

following sources

ISince the data points give the number of W Z signal events after background subtraction their
statistical error read from the figure are much larger than , / NVZ.
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Source Int.Luminosity (fb=1) # Data points
ATLAS+CMS at 7 & 8 TeV [[74] [Table 8, Fig 27] 5&20 20+1
ATLAS at 13 TeV [[75] [Figs. 6,7] 79.8 9

CMS at 13 TeV [[76] [Table 3] 359 24
ATLAS at 8 TeV [77] (vZ) 20 1
ATLAS at 13 TeV [78] (vZ) 36.1 1
ATLAS at 13 TeV [79] (utp™) 36.1 1

that provide us signal strengths or ratios of cross sections and branching ratios.
The first three references above contain information on all production mechanisms
and almost all decay channels in the Figures and Tables given in the first column.
Moreover, these references also provide the correlation matrix among the observ-
ables, as well as statistic and systematic errors (for Ref. [[76]] the correlation matrix
can be found in [80]). The fourth and fifth references contains information on the
rare decay mode yZ while the last one on the u* 1~ channel.

The statistical comparison of our effective theory predictions with the LHC
Runs 1 and 2 data is made by means of a X%{iggs function based on these 22 (Run
1) + 35 (Run 2) data points. Adding this to the analysis of EWPD and EWDBD we
construct our global 20 dimensional statistical function

XBWPD+ EWDBD -+ Higgs (B, fws fwww, BB, fww ., faw, faa, fon, foz, fgjg
S fS g g B finns foo fes oo fa) - (48)

4.2 Results

Before presenting the results, we start by summarize the three sets of analyses for
the Wilson coefficients, which differ in the data samples included. Our different
sets are like layers of an onion, being the EWPD the inner one and constraining
the less number of Wilson coefficients. When we start to add the TGC data and
the Higgs observables, we go to the most outward layer of the onion, and so more
Wilson coefficients are constrained.

We summarize the three different sets of analysis:

e EWPD: AxZpp Which constrains the 8 coefficients in LE¥VFP, Eq. (2:99).
They are given by the green lines in Figs. d.1] and This analysis is per-
formed taking into account only the contributions to the observables that are

linear in the anomalous Wilson coefficients; for further detail see Ref. [51]].

o EWPD+EWDBD: Ax%wpp+rwppsp Which limits the 12 coefficients in LEVFD

+£eTﬁC’C, Egs. (2.99) and (2.100). The results are depicted in Fig. In the
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evaluation of the predictions for EWDBD we have kept the contribution of
the Wilson coefficients up to the quadratic order.

e GLOBAL=EWPD+EWDBD+HIGGS: Ax%wpp L EWDBD-+HIGGs Which con-
strains the 20 coefficients in Leg in Eq. (4.1). They are the red, black, and
dashed blue curves in Figs. [d.1) [4.3|and 4.4] In the evaluation of the predic-
tions for EWDBD and the Higgs data we have kept the contribution of the
Wilson coefficients to the physical observables up to the quadratic order.

4.2.1 Gauge Boson Couplings to Fermions

In Fig. .1 we show the bounds of the Wilson coefficients for the operators involv-
ing gauge boson and fermion fields and which directly modify the gauge couplings
to fermions. As mentioned before, EWPD yields strong bounds on deviations of
the SM predictions for the fermion-gauge interactions, and this is quantified in the
green curves in the figure. The black (red) curves corresponds to the bounds of the
same Wilson coefficients after the inclusion of the LHC data from EWDBD and
Higgs observables (now in the larger 20 parameter space) collected at Run 1 (and
Run 2).

In the upper left panel of Fig. we find the Ax? dependence on fg,l /A?
which is the coefficient of the only operator involving gauge couplings to leptons
remaining in the basis after applying the EOM. This operator modifies the Z cou-
pling to right-handed leptons which were precisely tested at LEP. On the contrary,
at the LHC observables it enters only via its contribution to the decay rate of the
Z boson to leptons in some of the final states considered. Consequently, as seen in
the figure, the inclusion of the LHC data does not add any meaningful information
about this coefficient.

The central and right upper panels in Fig. display the Ay? dependence on
the coefficients fé% /A? and fgj)Q /A2, which correspond to operators modifying
the couplings of left-handed quarks to Z and W bosons. On the other hand, the left
and central lower panels correspond to the dependence on fé,l’i /A% and fg)i /A2
which give corrections to the ur and dr couplings to Z respectively. Comparing
the green with the black and red lines we see that the impact of the inclusion of the
LHC results is still minor but not negligible, in particular for f&) /A%, The EWPD
analysis favors non-vanishing value for f&} /A? at 20, a result driven by the 2.70
discrepancy between the observed A%’g and the SM. On the contrary, no significant

discrepancy is observed between the relevant LHC observables, in particular in
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EWDBD, and the SM predictions. Hence there is a shift towards zero of féz) /A2
when including the LHC data in the analysis. This slightly smaller tension results
also into the reduction of the globally allowed range. This behavior was already
observed in Section for Run 1 data and the inclusion of Run 2 results adds in

this direction.

Finally, in the right lower panel we show the Ax? on the coefficient of Og ?u d

operator. This operator induces a right-handed coupling of the W boson to quarks.
We already discussed how this operator does not interfere with the SM and it ef-
fect at the linear level, so the EWPD analysis cannot constrain its Wilson coeffi-
cient. Nevertheless, it contributes to the LHC observables which we keep up to the
quadratic order (notice that Ax? as a function of this coupling is symmetric around
zero even though its minimum is not exactly at zero), and so it is possible to obtain

the dependence observed in the same figure.

Run 1 GLOBAL (20 OP)
Run 1+2 GLOBAL (20 OP) EWPD (8 OP)
N, 1 O [ ] [ ] [ N T ‘ T 1 7T ‘ T i
s - 1 r 0 N
6 1 1 7
4 1 1 7]
2 L _ L | L _
O L il L | | ] L L1 ‘ L | i
0.1 -0.2 0 0.2 -05 0 0.5
0, /N (Tev)™? /N (TeV)™? 90/ N (TeV)?
~_ 10 ‘ 4 ‘ :
s A 1 r b
6 1 rC 7
4= 1 r b
2 L | L _
O L | | ‘ | ] L | | | ]
0 0.5 -1 0 -05 0 0.5
/N (Tev)™ D/ N (TeV)? /N (TeV)™

Figure 4.1: Ax? as a function of the fermionic Wilson coefficients fé{i /A2,
fél)Q /A2, fé}% /A2, féli /A2, fg?l /A2, and féli 4/\?, as indicated in the panels
after marginalizing over the remaining fit parameters. The green solid line stands
for the fit of the EWPD that constrains only eight of twenty Wilson coefficients in
Eq. @.I)). The black (red) solid line represents the twenty-parameter fit to the LHC
Run 1 (and 2) data.

62



4.2. RESULTS

4.2.2 Triple Anomalous Gauge Interactions

For Run 2 the number of experimental studies focused on deriving constraints in the
size and structure of TGCs is very limited and makes use only of a small fraction
of their collected data [71]. But the ATLAS collaboration has presented results on
diboson production in Ref. [[72,(73]] which we make use to test the TGCs.

The results of our analysis of the ATLAS Run 2 WW and W Z leptonic data 72,

73] together with the EWPD in the twelve-dimensional parameter space

{fB7 fw, fwww, few, fo1, fg)@ fél,zga fcgq)ﬁ féle, féfid, féfl}

are shown in the upper panels in Fig. where we plot the one—dimensional Ay?
distributions for the Wilson coefficients of the canonical TGC operators Op, Ow

and Oy ww after marginalization over the 11 undisplayed coefficients.

As expected, the W Z channel gives no constraint on Op while both WW
and W Z contribute with similar precision to the determination of fy /A2 and
fwww/ A2, To illustrate the possible effect of our assumptions on the correlations
of the systematic/theoretical uncertainties (labeled as SYS in the figure) among the
different bins we show the results obtained with full (zero) correlation among those

uncertainties in the dashed (solid) lines. As seen in the figure the effect is small.

In the lower panels we show the impact of adding the Run 2 WIW and W Z
results to the analysis of the Run 1 diboson data of the last Chapter, which included
data on WW and W Z channels from both ATLAS and CMS collected with ~ 20
fb~! at each experiment.

Altogether we find that the combined ATLAS Run 2 diboson data constrains
the operator coefficients with a bit better precision to that of the full Run 1 analysis.
This is expected from simple statistics of the integrated luminosity and energy
scaling. The combination of CMS and ATLAS Run 1 data accounts for about
40 fb~! in each WW and W Z channels which is of the order of the 36 fb~! of
ATLAS Run 2 data. Moreover, the total cross section for diboson productions is
about twice larger at Run 2 than at Run 1.

In the next section we shall include the Higgs interactions on data set, as a last
step to achieve a true global analysis of the LHC data combined with the EWPD.
The inclusion of the Higgs data also provides a stringent to the anticipated degen-

eracies in the parameter space of the couplings between the Higgs and the fermions.
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Run 2 WZ + EWPD (12 OP) —— STAT+SYSUNC  __Ryn 1 EWDBD + EWPD (12 OP)
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Run 2 WW + EWPD (12 OP) —— STAT+SYSUNC ~ —Run 1+2 EWDBD + EWPD (12 OP)
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Figure 4.2: Ax? dependence on the fg/A? (left panel), fyi-/A? (central panel) and
fwww/ A? (right panel) parameters after the marginalization over the 11 undis-
played fit parameters for the analysis of LHC EWDBD and EWPD. The upper
panels show the results of our analysis of the ATLAS Run 2 data on WZ [72]
and on WW [73]] transverse mass distributions. Full lines (dashed) correspond to
assuming zero (total) correlation among the non-statistical uncertainties; see text
for details. The lower panels show the results of the analysis of the EWDBD from
Run 1 of Chapter |3| in combination with EWPD (black lines) and including also
the results from ATLAS WW and W Z production at Run 2 (red line).

4.2.3 Higgs Interactions

Besides the introduction of the Run 2 data in the EWDBD, the inclusion of the
Higgs observables in the data set is a novel feature of the analysis with respect to
the one done in Chapter 3]

Our results concerning the determination of the Wilson coefficients for the op-
erators affecting the interactions of the Higgs field with the gauge bosons and with
fermions are shown in Figs. [4.3|and [d.4] respectively. In order to perform the most
general analysis of the Higgs boson couplings we use the full data set that we pre-
sented in Section[4.1] i.e. EWPD, EWDBD and Higgs data, including the effect of
the 20 operators in Eq.(@1)).
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Figure |4.3|depicts the one—dimensional A? as a function of the Wilson coef-
ficients of the pure bosonic operators in Eq.(.1) after fitting the EWPD and Run
1 (and 2) data on Higgs and diboson productions. As expected, the most stringent
constraints are those on the oblique operators Og ;1 and Oy that come from the
EWPD with very little impact of the LHC data, as we shown in Chapter 3]

The first row of Fig. contains the Ax? distributions for the coefficients of
the canonical TGC operators. As discussed in Chapter 3] only Op and Oy enter
both in TGCs and Higgs processes. For completeness we include here the results
of our global analysis on fi117 /A2 also but we notice that Oy yy does not
involve the Higgs field. As we can see, altogether the inclusion of the Run 2 data
improves the bounds on the coefficients of the three canonical TGC operators by a
factor O(25%). Also comparing the results for these operators to the second row
of Fig.[4.2] we learn that the inclusion of the Higgs data set strengthens the bounds
on fp/A? and fyr /A? derived from the EWDBD analysis by O(10 -20%) [46].

We know that the Higgs decay into two photons is a very well measured chan-
nel. The operators Opp and Oy modify the Higgs decay into two photons
with a contribution proportional to fpp/A? + fyw /A2, therefore, introducing a
strong correlation between these operators [29]. This is illustrated in the left panel
of Fig. .5 where we show the two—dimensional allowed regions from the global
analysis for different pairs of Wilson coefficients after marginalizing over the 18
undisplayed parameters in each panel. The strong anti-correlation is still present
after combining Run 1 and II data. Also the left panel of the same figure, clearly
displays the two quasi-degenerate solutions: the lower one containing the SM solu-
tion (fiyw = fpp = 0) and the upper one with flipped sign of the H~~ coupling
“displaced” by ~ 3 TeV~2, as it was anticipated in the beginning of this chapter
(see Eq.(@.3)).

The lower row of Fig. |4.3|contains the results for fge/A? and fp o/A* where
we can see the discrete (quasi-) degeneracies, explained in Eqgs. and and
resulting from the reversion of the sign of the Hgg and HVV (V = Z, W) cou-
plings respectively. Since the fg/A? coupling only appears in one vertex, the two
solutions are completely equivalent. On the other hand, the operator Og > modi-
fies universally all the SM-like Higgs couplings to gauge bosons and fermions, as
a consequence of renormalization of the Higgs wave function. For each of them
there are two degenerate solutions due to the total reversal of the coupling sign,
but they would only lie at exactly the same values of fo 2/A? if all the couplings

were measured to have the same ratio to their SM value. The quasi-degeneracy in
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Figure 4.3: Ax? dependence on the bosonic Wilson coefficients fz/A?, fir /A2,
fwww /A2, fee/A2, fww /A2 few /A% faa/A?, fo1/A% and fp2/A? as in-
dicated in each panel. The black (red) line stands for the results of the twenty-
parameter fit using EWPD, EWDBD and Higgs data from LHC Run 1 (and 2). As
before, the green line stands for the fit of only the EWPD.

foz/ A? present in our global analysis originates from the lack of tension between
the SM predictions and the data for all processes so values around fg 2/ A2~ 0
and fp 2/ A% ~ qj% with all other couplings zero can lead to a good global descrip-
tion of the data. As seen in the figure, the addition of Run 2 data has contributed in
this direction.

Finally we display our results on the Wilson coefficients of the operators gen-
erating anomalous Yukawa couplings. From Fig. #.4] we can see that Run 2 (red
curve) is essential to better constrain these Wilson coefficients, when compared
with the Ax? dependence from Run 1 data set (black curve). Once again, it is

illustrated the presence of the three discrete solutions, in the parameter space, for
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fv/A? and f, /A? which originate from Eqs.([#.2)) and (#3). On the other hand, we
would expect the same type of dependence of Ay? for each of the Wilson coeffi-
cients associated to the operators that generate anomalous couplings. Nevertheless,
we see that the data on Higgs decay into muon pairs is still incipient and within the
present precision the allowed regions around the three minima merge into a unique

allowed range.

Additionally, while displaying the results from the GLOBAL analysis in Fig.[#.4]
we contemplate two assumptions for the top-Higgs associate production in Run 2.
As described in Ref. [[75] both ¢t H and tH (including tHW and tH j) contribute
to the cross section ratio given in Fig. 4.6 of that reference. But with the infor-
mation provided, it is not possible to determine the relative contribution of tH vs
ttH to the reconstructed total cross section ratio. To overcome this issue, we de-
cided to show the results for two extreme assumptions: a ratio of the tH to ttH
contribution as predicted by the model (i.e. exactly same reconstruction efficiency
for both subprocesses), shown as the dashed blue lines in the figure, and a negli-
gible small contribution from ¢H shown in the red line. For consistency, we see
that the results for all non-top Yukawa couplings are exactly the same for the two
analyses. For f;/A? we find that including a “full” tH contribution results into
the total breaking of the degeneracies and eliminates solutions other than the ones
around f;/A% = 0. This can also be seen in the right panel in Fig. where we
show the allowed regions in the plane f;/ A% vs foo/ A2. The void and colored
regions of this panel show the four solutions resulting from Egs. and
which are quasi-degenerated as long as no information on the sign of the ¢t H cou-
pling is available. On the other hand, the colored regions are the only ones allowed
once the information on tH is included in the analysis as described above. This is
expected as the tH scattering amplitude receives contributions from the t¢H and
V'V H vertices, therefore, being sensitive to the relative sign of the different dia-
grams contributing to it [81183]]. In fact, the sign with respect to the SM of the
vertices ¢t and V'V H are the same in the surviving colored regions in Fig.
This is an important result, since it shows how the data measured from the tH
production rate can unambiguously determine the coupling of the Higgs to the top
quark. Certainly the sign of the top Yukawa coupling can be corroborated by other

channels; see for instance Refs. [31,[84].
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Run 1 GLOBAL (20 OP)
Run 1+2 GLOBAL w/o tH (20 OP)
---- Run 1+2 GLOBAL with tH (20 OP)
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Figure 4.4: Ax? dependence on the fermionic Wilson coefficients f,/A2, f;/A2,
fr/A?, and f,/A? as indicated in each panel. The black (blue) line stands for
the results of the twenty-parameter fit using EWPD, diboson production and Higgs
data from LHC Run 1 (and II). The red line represents that results obtained using
EWPD, diboson production and Higgs data from LHC Run 1 and II without the
tH contribution to the Higgs top associate production cross section (see text for
details).

4.2.4 Results at Linear Order of the Wilson Coefficients

In order to interpret Eq.(2.12) as a systematic expansion in the large mass parame-
ter A [85], its contributions to observables at the lowest order (1/A) are given the
interference between anomalous and SM terms. Notwithstanding, in our calcula-

tions to get the the BSM cross section we kept the interference between anomalous
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Figure 4.5: 10 and 95% CL (2dof) allowed regions from the global analysis in the
planes indicated in the axes. In the right panel the filled regions are obtained from
the global analysis including the ¢ H contribution to the top Higgs associate pro-
duction data of ATLAS at Run 2 while the void regions are the additional solutions

allowed when the tH contribution is not included.

couplings, i.e.

1 AS AS |7
OBSM ~ — <|A5M|2 + ALy FEET [Abrrl + ) (4.9)

s A2 A4

So, if one keeps the quadratic contributions on the Wilson coefficients of dimension—
six operators one should include the interference of dimension—eight operators with
the SM as they are of the same order, i.e.terms like A%, A% /A%

Up to this point we consider the effective lagrangian Eq.(4.1)) as a straw man
that we use to probe the standard model couplings assuming that it contains all in-
formation on possible new physics. The results obtained are thus physically mean-
ingful as long as no large cancellations between the dimension—six quadratic terms
and the (here absent) linear dimension—eight SM interference are expected. Fur-
thermore, this is a pragmatic approach since there are phase space regions where
the lowest order systematic expansion fails [S9] that is signaled by the cross sec-
tion being negative! Notwithstanding, the use of the quadratic contributions of
the dimension—six operators is justified if the new physics is strongly interacting;
see for instance Refs. [35H37]]. Indeed, this result is consequence of Naive Di-
mensional Analysis [86] and some simple power counting analysis. In any case,
Ref. [38]] shows that the analysis of the LHC data in terms of dimension—six opera-
tors is adequate in almost all realistic weakly coupled scenarios, except in the high
energy tails of distributions.

An interesting exercise would be to remake our twenty-parameter fit using only

the contributions to the observables at linear order on the Wilson coefficients. By

69



CHAPTER 4. STATUS AFTER RUN 1 AND RUN 2: A COMBINED
ANALYSIS OF LHC AND ELECTROWEAK PRECISION DATA

doing so, we can understand how important are the anomalous quadratic terms in
the evaluation of the observables and if with the current amount of available data
one can derive strong bounds on the Wilson coefficients. Our results are depicted
in Fig.[4.6

Comparing the results of the dashed curves in Fig. [.6] with the green curves in
Fig. we notice that the A2 distributions as a function of (fgyy, fao1, fszg, fé%,
fgj“ fél’()j, fé{l, frrror) are very much the same as obtained using only the EWPD
(see also Table [.2). This is a clear sign of the influence of the quadratic terms,
where the contributions for these particular set of Wilson coefficients due to the
diboson and Higgs data arise mainly from the non-linear terms. Moreover, within
the input range of variation of the parameters in the analysis, the operator Og ,q
is not bounded if the observables are evaluated using just the linear terms of their
Wilson coefficients while Oy 111 is only very weakly constrained. This happens
because the dominant contributions of these operators are to helicity amplitudes to
which the SM does not contribute, as we discussed in Section (3.1

The results in Fig. d.6|show that the Higgs data is already precise enough to de-
termine fp 2/A? and fgi/A? in the linear approximation with the quadratic terms
being subdominant. Moreover, as expected, at linear order there are no degenerate
solutions in these couplings and the allowed regions encompass only the SM. Same
applies to the Yukawa-like operators so the corresponding coefficients f/ A? have
no degenerate solutions. And therefore the f,/A? seems better determined. We
also find that at present the Higgs data is precise enough to bound the couplings
feB/ A? and foww/ A2 using the linear evaluation of the observables, however, the
size of the 95% CL allowed area increases by a factor of ~ 2. Similarly the bounds
on fg/A? and fi /A? are a factor of O(3 — 4) weaker than those obtained when
we include the quadratic terms [46]]. Nevertheless, this is already very interesting
since the diboson production alone does only lead to very mild bounds on these
last two couplings when not including the quadratic contributions, which indicates

again the relevance of the Higgs observables.
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Figure 4.6: Ax? dependence on the bosonic Wilson coefficients f/A? as indicated

in each panel. The results using only the linear terms in the anomalous couplings

are indicated by the blue dotted curves. The red solid curves stands for the fits

keeping the quadratic contributions of the anomalous couplings to the observables.

The full data set was used in both cases.
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4.2.5 Updated Analysis with the Higgs invisible decay width

The rate for invisible decays of the Higgs boson may be enhanced in the context
of NP effects, an effect which was not accounted for in the analysis presented so
far. To test the robustness of the results obtained under the inclusion of a possible
invisible decay of the Higgs we present in this section the same analysis previously
done in this chapter but with one additional parameter, the Higgs boson invisble
decay width. We also add the experimental constraint from the latest CMS data
on the invisible Higgs decay [87]. As one can see from Fig[4.7] the results show
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Figure 4.7: Ax? dependence on Wilson coefficients f/A? as indicated in each
panel. The results using the Higgs invisible width decay are indicated by the black
curves. The red dashed curves stands for the fits without the Higgs invisible width
decay. For simplicity we do not plot (but it is included in the fit) the bounds on the
coefficient frrrr.

that the constraints on the Wilson parameters presented in the previous sections are

robust when including the invisble width in the fit.
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4.3 Summary and Discussion

In this chapter we have performed a comprehensive analysis of the observables
related to the electroweak sector, which at present allows for precision tests of
the couplings between electroweak gauge bosons and fermions, triple electroweak
gauge couplings and the couplings of the Higgs to fermions and gauge bosons. This
includes low energy electroweak precision measurements as well as LHC data on
gauge boson pair production and Higgs observables. In total, the GLOBAL anal-
ysis of EWPD and EWDBD and Higgs results from LHC Run 1 encompasses 64
observables and including Run 1 and 2, 122 observables. By including these three
different sets of data and assuming that the new operators do not introduce new tree
level sources of flavor violation nor violation of universality of the weak current,
the global analysis involves the 20 operators in Eq. of which 8 contribute to
EWPD (Eq.(2.99)), 4 additional enter in the combination with the LHC EWDBD
(Eq.(2.100)), and the 20 operators enter once the Higgs observables are considered.

Altogether the analyses show no statistically significant source of tension with
the SM. We find for the SM a X%M = 118 (71.2) for the 122 (64) observables in the
GLOBAL analysis of EWPD and EWDBD and Higgs results from LHC Run 142
(only Run 1). Including the 20 Wilson coefficients in the fit, we find X%eff =91
(52.3). As a consequence, bounds on the Wilson coefficients can be imposed. The
95% allowed ranges for the 20 Wilson coefficients (profiled from the global 9-,12-,
or 20-dimensional likelihoods) are listed in Table The corresponding allowed
95% CL ranges for the global analysis with Run 1 and Run 1 + 2 EWDBD and
Higgs observables are also graphically displayed in Fig. 4.8

In brief, we find:

e The coefficients of the eight operators contributing to the EWPD are those
better determined, as could be anticipated. The inclusion of the LHC EWDBD
and Higgs observables has negligible impact on those operators contributing

to the couplings of leptons, Orr11, (’)g’)e, Os,1, and Opyy .

e The impact of the inclusion of the LHC results is still minor but not negligi-
ble for the EWPD bounded operators involving gauge couplings to quarks.
In particular for f&) /A2, under the assumption of generation universality a
non-zero value for this coefficient is favored in the EWPD analysis coming
from the 2.70 discrepancy between the observed A%g and the SM. On the
contrary, LHC observables involving this operator, are fully consistent with
the SM what results in the shift and reduction of its globally allowed range.
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Operator 95% CL f/A? (TeV~2)
EWPD | EWPD+EWDBD GLOBAL Run | GLOBAL Run 142 GLOBAL Runl+2 Lincar
Orirr | (0.043,0013) | (-0.043,0013) (-0.043,0.013) (-0.043,0.013) (-0.043,0.013)
o) | (0.075,0011) | (-:0.075,0.007) (-0.077,0.009) (-0.075,0.007) (-0.077,0.005)
Op1 | (0.040015) | (-0.040,0.15) (-0.043,0.15) (-0.044,0.14) (-0.034,0.15)
Opw | (032,17 (027,1.7) (032,1.7) (030,1.7) (-021,1.8)
oF, | 060012 | (0450.13) (-0.49,0.11) (-0.38,0.15) (-0.41,0.19)
04 | (0.0830.10) | (-0.034.0.11) (-0.049.0.11) (-0.036,0.11) (-0.089,0.088)
oY) | (12:0.13) | (:0.64-0.007) (-0.73,0.02) (-0.56,0.04) (-1.0,0.03)
o) | (025037 (-0.17,037) (:0.22,0.38) (-0.19,0.33) (:0.32,0.25)
o, — (-0.17,0.17) (-0.29,0.29) (-0.18,0.18) —
Op — (-7.834) 12,34) (-8.3,26) (31,70)
Ow — (3935) (-523.5) (-303.7) (-95,13)
Owww — 192.0) (-26,2.5) (-19,2.0) (-64,36)
Ops — (2513) (-1.7,10) (-5.4,16)
Oww — 10,3.7) (-6.7.2.1) (15.5.8)
Oca - (25-1T)U (-4.7,2.1) (25-2DU(1.7.1,8) ¢18,17)
Oa — — (-1.1,10) U(55,72) (32,62)U(62.71) (-3.7,6.9)
Ouss — — (62,-20)U(-12,11)U(2345) | (-36,-36) U (-6.1,6.7) U (33,52) (22,9.2)
Ous,z3 — — (-64-35)U(-19,20)U(37,59) | (-53,-42) U[-7.4.6.2]U (40.52) (-8324)
O 33 — — (-39.-31) U(-3.87.8)U(32,50) | (-55.-41)U(-3.743) U(37,52) (4.8,5.4)
O 22 — — — (-50,57) (-14,31)
Table 4.2: 95% allowed ranges for the Wilson coefficients for the different analysis

performed in this work. For O, 33 we show in the 5th column the three discrete

ranges allowed when no contribution of ¢H is included in the ATLAS cross sec-

tion ratio. Including the ¢H contribution under the assumptions discuss in the text

selects the range around zero which we mark with square brackets.

The operator Og L d

induces right-handed charged current couplings for quarks
and it can only be bound via its quadratic contributions. Including those in
the LHC observables its Wilson coefficient can be bounded with precision

comparable to that of the other operators affecting gauge-quark couplings.

We have performed a novel analysis of the Run 2 ATLAS 36.1 fb~! data on
transverse mass distribution of W¥W ™~ and W*Z in the leptonic channel
[[721/73]] which allows for further tests of the TGC’s. The results are shown in
Fig. .2] We find that the combined ATLAS Run 2 diboson data constrains
the operator coefficients with precision similar (a bit better indeed) to that of
the full Run 1 analysis.

Inclusion of the Run 2 results in the global analysis results into a reduction
of the allowed range for the coefficients of the bosonic operators Og, Ow,
Owww, OBB, and OWW by 20-30%.

The allowed values for fo /A% and fo 2/A? present each two discrete ranges
originated by the degeneracy (it is a quasi-degeneracy for fg 2) associated
with the reverse of the sign of the Hgg (Eq.(4.4)) and HX X (X = f,V)
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Figure 4.8: Allowed 95% CL ranges for each of the Wilson coefficients from the 20
parameter global analysis. We show results from the global EWPD+LHC analysis

including Run 1 EWDB and Higgs observables only (black bars) and including
both Run 1 and 2 EWDB and Higgs observables (red line). For the top Yukawa-
like operator O, 33 we show as a blue bar the allowed range when considering the

contribution from ¢t j and tHW in the to the top-Higgs associate production. To

help graphical display the ranges in the central (right) panels are multiplied (divide)

by a factor 30 (3) as indicated on the top.

(Eqs.(@.2),@.3)), respectively. Barring that degenerate solutions these are
the best determined coefficients for operators not contributing to EWPD.

e The allowed values for the coefficients for the Yukawa-like operators O ¢ 33

and Ocs 33 (f1, and f;), have a two folded degeneracy associated with the
reverse of the sign of the corresponding H f f coupling (see Eq.(4.3))) in com-
bination with the reverse of the sign of the HV'V coupling. This results into
the three discrete allowed ranges in Table For the O, 22 coefficient, f,,,

the data is not precise enough to resolve the three solutions.

e For O, 33, the inclusion of the incipient ¢/ data can break those degenera-

cies on f, this is, in the determination of the top-Higgs coupling.

e The last column in Table [4.2] shows the allowed ranges when only the terms

linear in the Wilson coefficients are kept in the observables. For those oper-
ators constrained by EWPD the bounds are just that of the EWPD as at LHC
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they are mainly constrained by its quadratic contribution. For the operators
without degenerate solutions the bounds become weaker but are still within
the same order or magnitude. Exceptions are OSL 4 and Owww which be-
come very weakly bounded as their dominant contributions at LHC are to
helicity amplitudes which do not interfere with the SM ones. Keeping only
the linear contribution to the observables does not allow for the degenerated
solutions associated with the sign flip of the Higgs couplings. Consequently
faa/N% foo/A2, f/A% fi/A% fr/A% and f,/A? appear to be better

constrained.

e The results show that the fit of all parameters is robust when including the
invisble width

e Our results show the importance of the Higgs data to constrain the TGC op-
erators Op and Oy, when the LHC observables are evaluated using only the
linear terms in the anomalous couplings. This extends the previous results in
Refs. [23]/46].

Altogether we find that the increased integrated luminosity gathered at 13 TeV
allows us to obtain more stringent bounds on a larger set of anomalous interactions
and to perform new tests of the SM. We look forward for the release of the complete

data set accumulated at Run 2.
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Chapter 5

Light-Quark Dipole Operators at
LHC

In Chapter [3] we studied the effect on the diboson production at LHC of a class
of operators affecting the SM-like couplings of the gauge-bosons to fermions and
which are constrained by the EWPD. We concluded that LHC processes are be-
coming competitive with the EWPD in the precision attainable to detect effects
associated with those operators. This prompted us to the need of a combined anal-
ysis of EWPD and all relevant LHC observables to study in the most generality the
EWSB sector, which we presented in Chapter 4]

As mentioned in the introduction of Chapter[d] in the analysis presented we left
out a class of operators which also affect the gauge boson couplings to fermions,
those generating dipole-like couplings, which also enter in the LHC diboson
processes. In this Chapter we proceed analyize the effect of including these dipole
operators in our analysis. So, as we assume no family mixing and the Wilson coef-
ficients to be generation independent, the relevant dimension—six contributions in

the electroweak gauge-boson pair production depend upon 16 Wilson coefficients:
Lot = Lom + LGP + L5 + LG (5.1)

where £eEf¥V PD ﬁgﬂGC and £EHIP are given by Egs. (2.99), (2.100) and (2.103),
respectively.

First by studying electroweak diboson production in Sec.|5.1{we will be able to
test the possible effect of the dipole operators on the extracted information on the
gauge boson self-couplings and indirectly on the global analysis presented in Chap-
ter 4 The light-quark electroweak dipole operators have been previously studied
using EWPD [60,/61]], as well as deep inelastic scattering results from HERA [61],
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leading to constraints on their Wilson coefficients of the order of 10 TeV~2. So in
Sec. [5.1] we compare the constrains on the Wilson coefficients of the light-quark
electroweak dipole operators imposed by the the diboson (W+W~, W*Z) pro-
duction at the LHC Run 1 and 2 with the ones stemming from the EWPD analysis.
Finally in Sec.[5.3|we consider also the information attainable from the analysis of
Drell-Yan processes.

5.1 Effects in Electroweak Diboson Production

As mentioned before, deviations of TGC and gauge bosons interactions with quarks
from the SM ones modify the high energy behavior of the scattering of quark pairs
into two electroweak gauge bosons. We explicitly show in Egs. (3.2)—(3.8) the
leading scattering amplitudes in the helicity basis are for the W+ W~ and W*Z
channels generated by the operators which modify the SM-like couplings of the
gauge bosons to fermions. The corresponding leading scattering amplitudes in the
helicity basis generated by the new operators that were not taken into account in

the previous analysis, namely O((I;I:L)Ld’ Ouww,ij» OuB,ij» Oaw,ij and Ogp ;5 [50,51]

read:
A(dyu — Wy Zy) = _%smmfggd : (5.2)
A(d_d_ — WiwT) = —A(d+J+ S WEW) = —% sinf g faw
= —p sinfe (swkFagy +cwlaz)) , (5.3)
Alu_tio — Wwy) = —A(usiy — WIW,) = —% sinf g fuw
= —% sinfe (swFuy+cwkFuz)), (5.4)
Ald-u_ - Wy Zy) = % sin@\@L {S%VfuB + C%Vfuw}
= —51n0\[{2chudW Fuz} (5.5)
Ald_a. — W~Zy) = f% s1n9\ffuw bme\f R (5.6)
Aldyiiy - Wy Z_) = —% smﬁﬂc {s% fan — cly faw'}
— 2 sing f{chFde—FdZ} , (5.7)
Aldyuy — Wi Zy) = _P smﬁ\ffdw smﬁ\[ a5 (5.8)
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where s stands for the center-of-mass energy and 6 is the polar angle in the center-
of-mass frame.

In the limit of vanishing light-quark masses, the dipole operators contribute
to different diboson helicity amplitudes than the SM or any of the other operators
in Eq. due to their tensor structure. Therefore, there is no interference be-
tween the contributions coming from the dipole operators and the SM and other
dimension-six operators in Eq. (3.1), which by other words means that the dipole
operators only contribute to these observables at the quadratic level.

As for the data considered in the analysis we will consider the same channels
and kinematical distributions as Sec. {f.T] and listed in Table {.1] The procedure
to obtain the prediction of the relevant kinematical distributions in presence of the
additional dimension—six operators is also similar to the one used in Chapter
We simulate W+ W~ and W Z events within the experimental fiducial regions
by applying the same cuts and isolation criteria adopted by the corresponding ex-
perimental analysis. This is carried out by using MADGRAPHS [63]] with the UFO
files for our effective Lagrangian generated with FEYNRULES [|64//65]]. We employ
PYTHIAG.4 [66] to perform the parton shower, while the fast detector simulation
is done with DELPHES [|67]].

The higher order corrections and additional effects are taken into account in
the usual way: we simulate the corresponding SM W+ W~ and W*Z events and
normalize our results bin by bin to the SM predictions provided by the experimen-
tal collaborations. Then we apply these correction factors to our simulated WV
distributions in the presence of the anomalous couplings.

The statistical confrontation of these predictions with the LHC data is made by
means of a binned log-likelihood function based on the contents of the different
bins in the kinematical distribution of each channel. Besides the statistical errors
we incorporate the systematic and theoretical uncertainties including also their cor-

responding correlations. With this, we build X&wpgpp

Xewpsp (fB: fw, fwww, few, fo1, féféy fél,)@fél,)m fél,gl, fé){idv fél,i, froor,
fuB, fuw, faB, faw) . (5.9)

We also include the information from EWPD, in particular from Z and W pole

measurements,

X%WPD(mef@,l,fé%,fg,zg,fgi,fg,zpfgid,fé}?l,fLLLL,fuB,qu,de,de) ;
(5.10)
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where we have include the EWPO discussed in Chapter 2, i.e.twelve Z observ-
ables and three W observables. In building X%WPD we incorporate the correlations
among the above observables from Ref. [|68]] and the SM predictions and their un-
certainties from [70].

In order to single out the possible effect of the dipole operators in the EWDBD
analysis we make a combined analysis in which we include their effect in EWPBD
but not in the EWPD observables. First, we make a fit to EWDBD+EWPD in terms

of 16 operator coefficients using

Xawpsp+wep (/8, fw, fwww, few, fo1, fé?:({g,fél,({g, fé% fél,()i, fé{iw fél,i,

froors fuss fuw, faB, faw)
= X%WDBD(fB) fWa fWWWa fBWa f<1>,17 fé):f)Qa féljzgvféljzp fé)ly()j) fé{ida fé}’ia fLLLLa
fu, fuw, faB, faw)

“‘X%WPD(fBWaf@,lafcgé)afg,égafg,z)mfg,zvfgiw g,ivaLLL’
Jub =0, fuw =0, fap = 0, faw = 0) (5.11)

We then compare the allowed parameter ranges for the coefficients with those
obtained from the a combined analysis in which the dipole operators are set to zero
in the analysis of EWDBD as well.

The results of these analyses are shown in Fig. where we display one-
dimensional projections of the Ay? for both analysis. In each panel, x? has been
marginalized over all other 15 (or 11) coefficients. This figure clearly illustrates
that the constraints on the 12 coefficients fg, fw, fwww, faw, fa.1, fé%, fg%?,
fé{i, fgzl, félﬂ)i & gyl, and f 1 from the combined analysis of EWDBD at LHC
and EWPD are robust independently of the inclusion of the dipole operators in the
analysis. The impact of these dipole operators in the previous analyses is minimal.

5.2 Comparison with EWPD Bounds

From Figure. [5.1] it is possible to verify how the high energy of LHC data plays
an important role in the diboson production to impose strong constraints on the
electroweak dipole couplings of the light quarks. We quantify how much these
bounds improve over the ones from EWPD in Fig. [5.2] where we show in the red
line the constraints from the above analysis together with those obtained from Z-
and W-pole EWPD exclusively (black lines).
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EWDBD R1+2(W DIP,16 OP) + EWPD(W/O DIP, 9 OP)
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Figure 5.1: Ax? dependence on the Wilson coefficients of 16 operators (after
marginalization in each panel over the undisplayed ones) entering the analysis of
EWDBD from LHC Run 1 and 2 in combination with the EWPD. The red line
includes the effect of light-quark dipole operators in diboson production but does
not include then in the from EWPD (see Eq. (3.11)) . The blue dashed lines are
the results of the corresponding analysis without including the light-quark dipole
operators (see text for details).

Moreover, to check if the EWPD bounds are suitable of changes in the presence
of other operators, we show also the results when the coefficients of all non-dipole
operators are set to zero (the black dashed line in Fig.[5.2)). As expected the bounds
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are only a bit stronger (about a factor O(30%)) when no other contribution is in-
cluded.

As already mentioned, dipole operators enter quadratically in EWPD observ-
ables so we expect that their contribution cannot cancel against that of any other
dimension six-operator. As a matter of fact, the presence of dimension—eight op-
erators could led to a contribution that cancels against the one from the dipole

operators, nevertheless we assume that does not happen in the derived bounds.

—— EWDBD R1+2(W DIP,16 OP) + EWPD(W,/O DIP, 9 OP)

—— EWPD(WDIP, 130P)  ---- EWPD(DIP ONLY, 4 OF)
] L T L
< gt I I

ol /A2 (TEVY 2 Il /A2 (TeV)™
w AOE T
E Al A ool et 3

o 10 1070 1 1‘0

If el /A? (TeV)™ If gl /A\? (TEV)™

Figure 5.2: Ax? dependence on the four fermionic Wilson coefficients of the
dipole operators from the combined analysis of diboson data and EWPD after
marginalizing over the 15 undisplayed coefficients (full red lines), EWPD after
marginalizing over the 12 undisplayed parameters (full black lines) and EWPD
with only the four quark dipole operator after marginalizing over the 3 undisplayed
coefficients (black dashed line).
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As seen in figure. [5.2] the bounds from EWPD are weaker than those from
LHC EWDBD by more than an order of magnitude. The reason for this is two
folded. First, the EWPD constraints are mainly driven by the Z hadronic observ-
ables which bound the combinations F,z/A? in Eq. (2.95) which means that there
is a large degeneracy between the constraints on fyu /A% and tan® Oy f,5/A%.
The degeneracy is broken only by the data on the W width which is much less pre-
cisely known. Second, the contributions from dipole operators to EWDBD grow as
s, as seen in Egs. (5.3)- (5.8), and hence the lever arm of the high energy of LHC
to constrain them. It is interesting to see that these results are pointing in the same
direction of the ones in Chapter [3| : LHC is reaching the high precision frontier
thanks to its COM high energy and high luminosity.

This is explicitly displayed in Fig. where we show the strong correla-
tions in the 95% allowed region from the EWPD analysis in the plane f,1/ A?
vs foB/ A2. Also shown are the corresponding rotated projection of the allowed
region on Fyz /A% vs F7y/A? and clearly illustrate how the EWPD bounds on the
electric dipole coupling Fy,/ A? are visibly weaker. On the contrary, as seen in
Egs. (5.3)- (5.8), the production of pairs of electroweak gauge bosons receives in-
dependent contributions from different combinations of the effective light-quark
dipole couplings to Z, W, and ~ and that help breaking the degeneracy and allow
for constraining both the Z and ~ dipole couplings with similar precision. This
is explicitly shown in Fig. [5.5] where we plot the 95% allowed region from the
EWDBD analysis in both planes fy/A? vs f,5/A% and F,z /A% vs Fyry /A2

5.3 On Including the Drell-Yan Data

The Drell-Yan process is a source of lepton pairs at high energy and is measured
with great precision at the LHC. Light quark dipole operators contribute to this
process in the production vertex of the intermediate Z and -y, and hence, can be
constrained by these precise LHC results. Furthermore, the dipole operators also
lead to a mild energy growth in the corresponding helicity amplitudes qg — £~ £
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which at high energy behave as

Algeqy —0207) = Alg-q- —1207)
e2v [ F, —1+42s%, F.y
= ing |——9 4 _— "W ~ 492 5.12
NG S sin _ A2 2ewsw A2 | ( )
Algrqy — 001 = A(g-q- — 02075)
62’0 . _Fq'y SW FqZ
= E SSIDH F — J M] N (513)

where 6 is the center-of-mass polar scattering angle.

Both ATLAS and CMS have published in Refs. [88] and [[89]] respectively, the
final results of the Run 1 Drell- Yan measurements in the form of differential Drell-
Yan cross section as a function of the invariant mass of the lepton pair after correc-
tion for detector effects and also giving a very detail account of the systematic and
theoretical uncertainties after the unfolding of detector effects. This data allow us a
very straightforward comparison with the invariant mass differential cross section
predictions including the effect of the dipole couplings.

As for Run 2, CMS has also presented the corresponding differential cross sec-
tion results but only for a small integrated luminosity [90]. However, both collab-
oration performed a search for high-mass phenomena in dilepton final states using
larger Run 2 samples [91,92]]. These data can also be analyzed to study the effect of
dipole operators. In this case, we follow a procedure similar to that sketched in last
section for the analysis of EWDBD. We simulate the ete™ and pu*p~ invariant
mass differential distributions within the cuts of the experimental searches using
the packages MADGRAPHS [[63]], PYTHIAG6.4 [66] and DELPHES [67]. The SM
predictions from this procedure are then normalized bin by bin to the predictions
provided by the experimental collaborations and the obtained correction factors
are subsequently applied to the predicted distributions in presence of the dipole

operators.

In summary, we include the following data samples in our Drell-Yan analysiﬂ

Int.Luminosity (fb—1) Myp # Data points
ATLAS 13 TeV [91] 36 fb~! 250-6000 GeV 6+6
CMS 13 TeV [92] 36 tb~1 200-3000 GeV 6+6
ATLAS 8 TeV [388] 20.3 fb? 200-1500 GeV 8
CMS 8 TeV [89] 19.7 fb—! 200-2000 GeV 11

"'We only consider in the analysis the bins with invariant mass above ~ 200 GeV where the
dipole operator contribution is potentially more relevant. Also for better statistical significance, we

have combined in one bin the data for the last three invariant mass bins in Ref. [91]].
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and with those and the information provided by the experiments on the system-
atic and theoretical uncertainties and correlations we build a binned log-likelihood

function

Xby (fub, fuws faB, faw) (5.14)

where for simplicity we have set to zero the coefficients of all other operators con-
tributing to the process.

As discussed in the previous section, the amplitudes generated by dipole op-
erators do not interfere neither with the SM ones nor with those generated by the
other dimension-6 operators in Eq. and, therefore, no cancellation of their
effects is possible. So as it was the case in the analysis of EWDBD and of EWPD,
the constraints from DY on the Wilson coefficients of dipole operators can only be

marginally affected by the inclusion of other operators in the analysis.

—— DY ATLAS Run1
- DY ATLAS Run2 —— DY Combined Run 1+2
—— DY CMS Run1
---- DYCMS Run2
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< g ;
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Figure 5.3: Ax? dependence on the four fermionic Wilson coefficients of the
dipole operators for the analysis of DY data (see text for details).
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The results for the DY analysis are depicted in Fig. [5.3] where we display one-
dimensional projections of the szDY as a function of the Wilson coefficient of
each dipole operator after marginalizing over the other three. We show the results
using each of the data samples separately and the combination. As seen in the fig-
ure, the constraints imposed with the analysis of the ATLAS 8 Run 1 DY results are
substantially stronger than those obtained from the analysis of the corresponding
CMS Run 1 data.

We trace this difference to the fact that the ATLAS results are slightly lower
than the SM predictions in all bins included in the analysis (see Table 12 in Ref. [93]])
which results in bounds which are about a twice stronger than the expected sensi-
tivity from data centered in the SM predictions. On the contrary, CMS finds a mild
excess of events with respect to the SM predictions for invariant masses between
200-500 GeV where the data is most precise (see Fig. 3 in Ref. [89])). This weakens
their constraints by about 20%. The analysis of the Run 2 data yields bounds very
much within the expected sensitivity from measurements compatible with the SM.

Comparing the results in Fig.[5.3|with those from EWDBD analysis in Fig.
we find that the combined analysis of the Drell-Yan data can yield slightly stronger
(weaker) bounds on the coefficients of the quark dipole operators Oyp (Oqw).
However, as seen in Fig. [5.5| DY results totally resolve the light-quark dipole cou-

plings to Z and v and, consequently, yield stronger constraints over those projec-

tions.
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Figure 5.4: 95% allowed region from the EWPD analysis in planes fqu/ A? vs
fop/A? and F,z /A% vs Fry /A%

86



5.4. CONCLUSIONS

1.0 1.0
{\ — DY R1+2 c\‘,’\
% 0.5F —— EWDBD R1+2 % 0.5
= &
& 0.0 5 0.0
= =
=05 =-05
3 3
R 0 2 4 B 0 2
. _9 ¢ —2
f,LB/L\2<TCV ) f(]B/A\'Z(TCV )
T2 T2
& &
& Of = 0
= <
S S
w2 = 2
-2 0 2 -2 0 2
p -2 p -2
Fuy [N} (TeV ™) Fyp /N*(TeV™?)

Figure 5.5: 95% allowed regions from the combined EWDBD analysis (red lines)
and the combined DY data analysis (black lines) in the planes f,i//A? vs fy5/A?
and F,z /A% vs Fyry /A%

5.4 Conclusions

In this Chapter we have studied the power of the high energy LHC data to reveal
the effects associated to electroweak dipole couplings of the light quarks. We have
focused on two type of processes: pair production of electroweak gauge bosons
and Drell-Yan lepton pair production. Because of their different tensor structure,
the amplitudes induced by these couplings do not interfere with the SM ones nor
with those generated by the other dimension-six operators that modify the gauge
boson couplings to fermions and TGCs. Consequently, we find that the constraints
derived on all the Wilson coefficients of those non-dipole operators entering the
tests of the electroweak gauge boson sector are robust under the inclusion of the
light-quark dipole operators.

Dipole couplings of the light quarks to the weak gauge bosons have been ex-
plored in the past using the precise data of the on-shell Z and W couplings to
fermions. Our results show that analyses of LHC data improves over those by
more than one order of magnitude. This is explicitly quantified in Table [5.1| where
we constrast the resulting constraints from the analysis of the data on EWDBD and
DY at LHC with those from the pole measurements. The improvement is driven
both by the growth of the dipole contribution with energy, and because LHC data
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95% CL |f|/A? (TeV—2)

EWPD | EWDBD+EWPD | DY
fub 41 1.9 0.78
Juw 10 0.29 0.53
faB 38 1.9 0.96
faw 10 0.36 0.60
Fuy 51 1.8 0.78
F.7 | 7.0 1.3 1.2
Fy, 48 1.8 0.91
Fiz | 5.8 1.4 1.4

Table 5.1: Comparison of the 95% upper bounds for the Wilson coefficients of the
light-quark dipole operators for the different analysis performed in this work.

is sensitive to the dipole couplings to Z and ’s with similar weight. Consequently,
as seen in this table, the LHC bounds on the combinations entering on the dipole
couplings to the Z and the photon are comparable.

It is important to stress that the constraints derived with LHC data are obtained
in the asymptotic free regime for the light quarks. So in this respect, the infor-
mation provided by LHC complements the more model-dependent limits on the
dipole couplings of the light quarks which can be derived from measurements of
the anomalous magnetic moments of hadrons [94].

In summary, so far we have studied EWSB process using effective Lagrangian
and different sources of data like the diboson production and the Higgs observables
at LHC. This is arguable a safe way of doing analysis of physics BSM, by looking
for the effects of NP at the precision level. Nevertheless these studies can be com-
plemented with searches of new resonances, and in the next Chapter we move to

the study of the direct search for new particles.
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Chapter 6

A Model Dependent Search for
New States: Type I1II See—Saw for
Neutrino Masses with Minimal
Flavour Violation

As mentioned in the Introduction, one of main drawbacks of the SM is that within
the symmetries of the model neutrinos are strictly massless. The experimental
observation of neutrino masses and mixing is therefore an unambiguous evidence
of physics BSM.

At first sight, a straightforward solution to explain neutrino masses would con-
sist in the addition of three right-handed singlet fields v ; with null hypercharge.

With those the extra terms in the Yukawa Lagrangian read:
—Ly = ..+ (Y)os Lra® vrg + hec. . 6.1)

After the EWSB this generates the so call “Dirac mass” for the neutrinos in total
analogy to the mass generation for all other fermions. To explain the smallness of
neutrino masses (5 1 eV), the term % (Yo)up L1« VR g needs to be unnaturally
small when compared to the other fermion couplings. In this simple extension, all
fermion masses have the same origin but neutrinos seem to be such an outsider in
the picture. Dirac mass terms for neutrinos are not natural according to the ’t Hooft
criterium [95]]. This could be a clue of an alternative mass generation mechanism
for the neutrinos’ mass. Notice also that by rotating the lepton fields to the mass

eigenstates (now one can not use the same transformation for the charged lepton
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fields and for the neutrino fields), the charged current interaction in the lepton
sector can now become not flavour diagonal and it is possible to generate physical

flavour mixing in the leptonic sector.

Contrary to the other fermions of the SM, neutrinos do not have conserved
charges (color and electric). This difference leads to new possibilities for neutrino
masses, all of which involve physics beyond the SM. In particular, one can build a
so-called “Majorana mass term” involving only the left-handed doublets:

1
»CMajorana - _§My (ﬁ Vg + H.C.) . (6.2)

The overall factor of 1/2 compared to the general Dirac Lagrangian is usual for
selfconjugate fields, preventing the double counting of independent fields when

obtaining the equations of motion for Majorana neutrinos.

The Eq.(6.2) is Lorentz invariant since I/g transforms as vz, under a Lorentz
transformation. We do not need any addition of right-handed neutrino fields, since
l/g behaves like a right-handed field. Nevertheless, it is impossible to have this Ma-
jorana term either as a result of nonperturbative effects or in loop corrections since
it violates the lepton numberEI (AL = 2), and therefore, the B - L symmetry. The
Majorana mass term can be understood as a perturbation to an effective Lagrangian
which generates transitions AL = 2. Furthermore, since the left-handed neutrinos
are components of a SU(2) doublet, there is no field in the SM with the required
electroweak assignments to produce an invariant term containing the interaction
@ L; and also renormalizable i.e.an isospin scalar triplet with hypercharge
Y =1

The solution to the previous problem goes in the direction of what has been
discussed in this Thesis: let us just consider the SM as an effective theory, valid at
low-energy, whereas the real theory becomes manifest only at energies of the order
of a new high-energy scale A. If we forgo the requirement of renormalizability
of the theory at low energies, the lowest order non-renormalizable operator, which

generates Majorana neutrino masses after EWSB, is the unique dimension—five

"When performing a global gauge transformation v;, — e'®vy,, for the conjugated field we
have ¥ — e "v¥, so it is obvious that the mass term is not invariant under the gauge
transformations. Thus, in the case of the Majorana mass term, there is no global gauge invariance.

The right-handed neutrinos are allowed to have Majorana masses, M Dg vr + H.c. where C'
is the Dirac charge-conjugation matrix. Because vr are singlets under the SM gauge group, M p can
appear as a bare mass term in the Lagrangian or be generated by interactions with a singlet scalar

field.
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Weinberg operator [33]:

af = _ - T
£%V:ei5;1berg = _ASE (LL,a(I)) C <LL7ﬁ(I)> + h.c.
ews 1 _
— 5 (My)asVra vi 5+ h.c., (6.3)

where (Ml,)aﬁ = % gﬁ is the 3 x 3 effective neutrino mass matrix, Ay y is the
new high-energy physics cutoff scale and f; f are complex numbers.

Neutrino masses turn out to be very small when compared to the rest of the
fermions, if a large enough scale Ay is considered. This is entirely in agreement
with the ’t Hooft criterium, since the new mass parameters are naturally small and,
if we take the limit m,, — 0, we recover the lepton number conservation.

In the simplest UV completions, it is possible to obtain the Weinberg operator
at low energies, without breaking the SM gauge group, through the see—saw mech-
anism. This can be accomplished with the introduction of new heavy degrees of
freedom and allowing the violation of the lepton number in the high energy theory.
These new heavy particles, with a mass taken to be of the order of Ay, decouple
from the theory at low energy scale.

There are three types of see—saw mechanisms on the literature. For each see—
saw mechanism type, the dimension—five Weinberg operator arises after integrating
out the heavy degrees of freedom from tree-level interactions, in which they are
exchanged. These interactions reduce to four-point interactions at low energies,
containing only the light degrees of freedom. Next we briefly describe each see—

saw type mechanism:

e See—saw Type-I mechanism [[96-99] results from the addition of three heavy
right-handed neutrinos into the SM. One is also free to add the Majorana
mass term (6.2)) for the right-handed fields as they are singlets of the SM.
The lepton number is violated by the right-handed neutrinos’ Majorana mass

term.

e See—saw Type-II mechanism [[100-104] results from adding one heavy Higgs
triplet A with hypercharge Y = 1 into the SM. The lepton number is violated
by the presence of interactions of both the lepton doublet and the Higgs
doublet with the Higgs triplet.

e See—saw Type-III [[105], three heavy triplet fermions 3; with null hyper-
charge are added into the SM and again the lepton number is violated by the

new triplets’ Majorana mass term.
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Vi .A
s

Figure 6.1: see—saw Types I and III correspond to the exchange of fermion vy and
3., respectively, while the Type II see—saw mechanism is implemented through the

exchange of scalar fields A.

It is possible to get the unique dimension—five Weinberg operator of neutrino
masses, after integrating out the heavy degrees of freedom, for each four-point

interaction:

3 (Yo M5t YT sl @ @717 5+ He  Typel
(YA)aﬁ ILa <I> T zC’B~ Type Il  (6.4)
s Mg v of Ipo ®®"1f 5+ He  Typell

LY
ﬁWelnberg M

After the EWSB we are left with the effective Majorana mass term, M), in eq.
(6.2), for three light neutrinos:

-1 5 Yy 3 MD Y Typel
2
M, = )\AYA vy Type II (6.5)

—1 Yy &= YE Type III

The smallness of M, can be attributed to the largeness of Mp, Ma and My in
each see—saw mechanism. Besides these three standard cases, we can find in the
literature hybrid scenarios combining more than one realization [[106-108]].

Given the energy range of the neutrino experiments it is clear that if the NP
scale is beyond ~ GeV it is not possible to clarify its origin within the oscillation
neutrino experiments themselves. On the other hand, the high energy frontier is
currently being explored by the LHC which has been running for 10 years with a
reach to NP at the TeV scale. Our interest lies in the possible observation of one of
these heavy states or any observable effect at LHC. If one considers a neutrino mass
of O(1) eV, and a coupling f5 also of O(1), the relation implies that Az ~ 1014
GeV, which clearly out of the LHC reach. The last statement is a common feature
of the three scenarios. Therefore, to use the full discovery potential of LHC, we

need to find a way of putting the NP scale accessible in the TeV region.
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Nothing prevents that the new states have TeV scale masses. In the literature
there exist many models trying to analyze and predict signatures of the neutrino
mass generation states with TeV scale masses at the LHC [[I09H111]]. On the other
hand, while presenting very interesting phenomenological aspects, from the theo-
retical point of view some of these models are unable to justify a technically un-
natural low scale mass M for the heavy states: you always pay the price of tuning
the size of the Yukawa couplings to account for the tiny neutrino masses.

The type of models which can overcome this limitation can be foreseen by
looking at the effective operators associated to the presence of neutrino masses.
As mentioned above, Majorana neutrino masses imply breaking of the total lep-
ton number symmetry. Neutrino masses also imply that the charged current of the
leptons is not-diagonal in flavour space but a leptonic mixing matrix is generated,
in analogy to the CKM matrix for the quarks. This means that lepton flavours
are also non-conserved. In terms of effective operators, LNV is introduced at
dimension—five via the Weinberg operator. But LFV without LNV can be intro-
duced at dimension-six via four-lepton operators. So generically neutrino mass

models generate at sufficiently low energy

f5 Jfe,i
£:£SM+TO5+Z O6i+... , (6.6)

LN i A%FV
where Os is the Weinberg’s operator, i.e. the one responsible for the neutrino
masses, and where we have denoted with Og ; the dimension—six flavor—changing,
but total lepton number conserving, operators.

We can then think of models for which the high energy scale of this tiny LNV
may be separated from the NP effects associated to LFV. So if the scale of LFV is
made low enough the models are able to give observable effects at the LHC. And
so, the most attractive models are the ones where it is possible to relate the mass of
the new states M ~ Appy ~ O (TeV), but still keep Apn > Appv to explain the
smallness of the neutrino mass.

No clear evidence of NP has been observed at LHC which bears implications
for such models constructed to explain the neutrino masses containing new states
at the TeV scale. Therefore, in this Chapter our main purpose will be to explore the
possibility of detecting or constraining this class of models using results of existing
LHC searches.

One essential point in the dectectabiliy of the new states, besides their mass
and gauge couplings is their decay modes which are determined by the flavour

structure of their yukawa couplings. A priory, the decay channels are arbitrary in

93



CHAPTER 6. A MODEL DEPENDENT SEARCH FOR NEW STATES: TYPE
IIT SEE-SAW FOR NEUTRINO MASSES WITH MINIMAL FLAVOUR
VIOLATION

most Type—I and Type-III see—saw models, making difficult to derive unambiguous
constraints on the NP scale in these scenarios [[112}/113]]. For example searches for
triplet leptons of the Type-III see—saw models have been performed both by CMS
[114H117]] and ATLAS [118./119]] collaborations, however, most of these searches
have been carried out within the context of simplified models such as Ref. [120]
and the derived bounds can be evaded depending on which is the dominant decay

mode of the triplet leptons.

The only exception are see—saw models which extend the principle of mini-
mal flavour violation to the leptonic sector. This principle was first introduced for
quarks [[121H123]] as a way to explain the absence of NP effects in flavour changing
processes in meson decays. The basic assumption is that the only source of flavour
mixing in the full theory is the same as in the SM, i.e.the quark Yukawa couplings.
This idea was latter on extended for leptons [124}|125]] and in particular to TeV

scale see—saw models [1244127]].

From the point of view of LHC phenomenology MLFV see—saw models are at-
tractive, mainly for two reasons: the new states can be light enough to be produced
at LHC and their signatures are fully determined by the neutrino parameters. As
discussed in Ref. [126]] scalar (Type-II) see—saw with light doublet-triplet mixing
is a light scale MLFV model by construction (for early study of their observability
see for example [128,/129]). In Ref. [126] simple MLFV models for fermionic

see—saw were also presented.

From now on we shall focus on the Type-IIl see—saw MLFV. The Type-III
see—saw fermions are SU (2), triplets with weak-interaction pair-production cross
section, and consequently, having the potential to allow for tests of the hypothesis
of MLFV. With Type-I see—saw the picture is completely different. The new states
are singlets under the SM gauge group, and therefore, they can only be produced
via their mixing with the SM neutrinos. This leads to small production rates which

makes the model only marginally testable at LHC.

The Chapter is organized as it follows. We first summarize in Sec. the
basics of the MLFV Type-Ill see-saw model and we quantify the allowed range
of the relevant couplings controlling the triplet decay modes as derived from the
present analysis of neutrino oscillation data from Ref. [[131]]. Section describes
our simulation of signal events by the reaction pp — ll’jjvv with 1) =corp
in the context of the MLFV Type-IIl see—saw model. The quantification of the
bounds is presented in Sec.[6.3] In doing so we have put special emphasis and we

have quantified how the information on flavour and charge of the produced leptons
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is important for maximal sensitivity to MLFV.

6.1 MLFYV Type-III See-Saw Model

In Ref. [[130] it was introduced the simplest MLFV Type-III see—saw model which
was adapted from the Type-I one presented in Ref. [[126]]. For completeness we
summarize here its main features.

The particle contents of model is that of the SM extended with two fermion
triplets 3 = (31, X9, ¥3) and ' = (24, 5, 24), each one formed by three right-

handed Weyl spinors of zero hypercharge. Hence, the Lagrangian is

L= Lo+ L+ Ly + La 6.7)
with
te= (3PS 5P 6.8)
Ly= -YiI¥, (* 7)é - v TT, (i’ . ?) &+ he, (69
Ly = —% (Tci/ +T/ci) - ggi’ _ ‘;/ii fhe . (6.10)

Here 7 are the Pauli matrices, the gauge covariant derivative is defined as D, =
), + igT - W, where T are the three-dimensional representation of the SU(2),
generators, ¢ stands for the SM Higgs doublet field, and LY = (yg’, EE)T are the
three weak eigenstate lepton doublets of the SM. The parameters ¢, ;1 and ' are
flavour-blind and small, i.e., the scales p and y’ are much smaller than A and v
while € < 1.

The Lagrangian in Eq. breaks total lepton number due to the simultaneous
presence of the Yukawa terms Y; and eY{ as well as to the existence of the y and
p' terms. Thus in the limit p, i/, € — 0 it is possible to define a conserved total
lepton number by assigning L(L") = L(X) = —L(X’) = 1. Without any loss
of generality one can work in a basis in which A is real while both Y and Y’ are
complex. In general the parameters y and p’ would be complex, but for the sake of
simplicity we take them to be real in what follows though it is straight forward to

generalize the expression to include the relevant phases [|132].

After electroweak symmetry breaking, in the unitary gauge, the leptonic mass
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Figure 6.2:  Allowed ranges of the Yukawa couplings |Y,|? = |Y.|?/y? and

|Y,,|? = [V,,|?/y? obtained from the global analysis of neutrino data in Ref. ||
The upper four panel shows the values of the couplings as a function of the un-

known Majorana phase «. The correlation between the two couplings is shown in
the two lower panels. The (left) [right] panels correspond to (normal) [inverted]
ordering (NO) [10]. The dotted line corresponds to the best fit values. The ranges

in the filled green, red and yellow areas are shown at 1o, 20, and 30 with 1 dof
(Ax? = 1,4, 9 respectively).

matrices are

1l /=== 'L 7 E%
=5 (B Nu W) Mo | N | = (G BoEL) Ma | Bg | +he
N Bg
96
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with
0 %YT E%Y'T %Yﬁ vYT eyt
My = %Y ! A and My = 0 4 A
G%Y/ A 1 0 A 1
(6.12)

where Y* are the charged lepton Yukawa couplings of the SM. 7% and 7 are
column vectors containing respectively the three neutrinos and charged leptons of
the SM in the weak basis. The charge eigenstates Dirac fermions F and E’ and
the neutral Majorana fermions N and N’ are defined in terms of the triplet states,

Ei) = % (ng) F iEg)), and Eg) = Eg), as

EO=x0 450" NO=x0 450" 6.13)
The mass basis is composed of:

o Three light Majorana neutrinos v; (with the lightest one being massless) and

three light charged leptons leptons ¢; with masses

2 T
diag: vT _L Y/_}ﬂy Y YT Y/_lﬁy 14
my =V 2 ¢ < ¢ 2 * ¢ 2 Ve
(6.14)
2
di RV AT v ¢
my' = Ev RY {1 — 2A2YTY] Vi, (6.15)

where V¥ and Vf g being 3 x 3 unitary matrices and in general, one can

choose the flavour basis such that Vf = V}% =1.

e Two charged heavy leptons, E; and E, both with masses M ~ A(1 F

ptp )
27 /)

e Two heavy Majorana neutral leptons and two charged heavy leptons also
with masses M ~ A(1 F %) with which we build a quasi-Dirac heavy
state /V.

The relation between the weak and mass eigenstate to first order in the small
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parameters j, 4/ and € is:

voo= VVL+YTNL+;<Y’T < mn > >N§(6.16)

V2A
w v —_— 3p+ c
W £L+AY*E1L+A<Y/T < mn )YT>E2+R, (6.17)
v = (g, (6.18)
\/ c ,u—,u' v / H v
N, = N§— N — Y -2y v 6.19
L R ( m ) L \/§A (6 A ) vr, (6.19)
/
N, o= Np+ (B e 2
L L+< A ) R~ \fA VL, (6.20)
p—p

B— 4 (eY’ _ %Y) 05 6.21)

Ep = Ep,- (“ 4_A“ ) B (6.22)

— v

By = B+ (S5 ) Bl -1 (6.23)
— !

Ey = Ejf+ <“4A“> Ep, . (6.24)

From the above relations it follows that the neutral weak interactions of the light
states take the same form as that on the SM and the charged current interactions
involve a 3x3 unitary matrix Urgp = V¥ which after phase redefinition of the

light charged leptons, can be chosen

1 0 0 c13 0 81367MCP co1 Si2 O e’ 0 0
Urep =0 co3 593 0 1 0 —s12 c12 O 0 e 0,
0 —s23 ca3 —8136i6cp 0 Cc13 0 0 1 0 0 1
(6.25)
where ¢;; = cosf;; and s;; = sinf;;. The angles ¢;; can be taken with-

out loss of generality to lie in the first quadrant, 6;; € [0,7/2] and the phases
dcp, « € [0,27]. The leptonic mixing matrix contains only one Majorana phase
because there are only two heavy triplets and consequently only two light neutrinos
are massive while the lightest one remains massless. Also notice that unitarity vi-
olation in the charged current and flavour mixing in the neutral current of the light
leptons in generated at higher order [|132H134]].

This model is MLFV because one can fully reconstruct the neutrino Yukawa

coupling Y and the combination Y/ = Y’ — f—Y from the neutrino mass ma-
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trix [[126] up to two real normalization factors y and ¢/ as follows:

NO(m1:O<m2<m3) IO(m3:0<m1<m2)
Amgl _ Am%l
T Am3, NN
_ VTFr-F _ JIFr-1
P= A+ P= it
_, ., (6.26)
mas = (1% ) mas = 8 (1% p)
Vo= (VI+pUss +vVI=pUs) | Ya= 5 (VITpUs+VI—pUp)
Vi = 4 (VIFpUss —VI=pUps) | Vo= 4% (VIFpUs, —vVI=p Us1)

In writing Eq. (6.26) we follow the notation of using greek index /3 to denote lepton
flavour index 3,y = e, 4, 7. And in what follows we will use roman index ¢, j =

1,2, 3 to denote the light neutrino mass index.

We plot in Fig. [6.2] the ranges of the Yukawa couplings |Y,|> = |Y,|?/y? and
Y,,|? = |Y,,|?/y? obtained by projecting the allowed ranges of oscillation param-
eters from the global analysis of neutrino data [[I131] using Egs. (6.26)). In the first
and second rows we plot the ranges of the Yukawa couplings as a function of the
unknown Majorana phase a while the lower row shows the correlation between
the electron and muon Yukawa couplings. This figure illustrates the quite different
allowed ranges and correlation of the electron and muon Yukawa couplings in the
two orderings. As a curiosity we notice that in NO the dependence of the range
of |Y¢| on « is driven by the present hint of dcp ~ 270° in the oscillation data
analysis [131] because « enters via Re(UcsU;) o< cos(a + dcp).

In what respects the interactions of the heavy states, as discussed in Ref. [130]],
lepton number violating couplings appear due to O(e, u/A, 1/ /A) mixings and
mass splittings in the heavy states, that are, by hypothesis, very suppressed in
MLFV models. This renders the lepton number violating processes involving
heavy fermions unobservable at LHC, at a difference with the non MLFV sce-
narios for Type—III see—saw for which AL = 2 final states constitute a smoking
gun [135,|136]]. Consequently in what follows we concentrate in the lepton con-

serving interaction Lagrangian with A = M being the common mass of the heavy
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states:
Lyw =—g <E71_7“NW/; — ny“ES‘WJ) + h.c

1 N _
—g <K5€5L7“NLWH + Kim’y“E;LWM) + h.c. (6.27)

V2
Lz =gCw (ET_"}/'“E;ZM - EV“EJZM>
g 1 - — _
+————— | =Kuip "N Z, + Kglg vy E7; Z, | + h.c. (6.28
2ﬂcw(\/§ LYV NrZ, sl By u) (6.28)
£y =e(BTy"ET A, — Efy'Ef A,) (6.29)
gM 1 —_ — )
Lro=———|—=K,;7;zNr+ KglgLE + h.c. . 6.30
RO \/§MW<\/§ LNR sl E R (6.30)

where cyy stands for the cosine of the weak mixing angle and the lepton number

conserving couplings of the heavy triplet fermions are

Ks=—=Yy" . Ki= Y (UigpsiKs, 6.31)
B=¢e,u,T
which verify
, 3. .y
> 1=K = 0
ﬁ:e),u‘ﬂ- =1

Notice that flavour structures of the couplings K and K are fully determined by
the low energy neutrino parameters and fully determined by the oscillation data
up to the Majorana phase «. Their strengths are, however, arbitrary as they are
controlled by the normalization factor yv/M while it is the combination eygj’ /M

what is fixed by the neutrino masses.

6.1.1 Signatures

In line with what was discussed about the advantage of using a Type-III see—saw
model instead of Type-I, the fermion triplet gauge interactions lead to the following

production process

— +
pp—EYE- |, pp— EN (6.33)

for i = 1,2. From the interactions in Egs. (6.27),(6.28)), (6.30) we can obtain the

decay widths of the heavy states [[137]], which are well known functions of the mass
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of the new states:

2 MS M2 M2 M4
F<N—>£5W+)—g Kpsl? <1 W) <1+W— W>,

64T MZ\" M2 M2 T MA
2 3 2 2 4
I'(N - 1Z) = K>~ (1-2Z) (1422 —2-Z
(V= 1iZ) = f5gra Kl M§< w2 )\ A Tt )
2 3 2\ 2
P oM M2,
L' (N = vh?) = Z—|K;|*— (1-— 6.34
( ez ) 1287T| Z‘ Mg[/( M2 ) ( )
2 3 2 2 4
+ i _ 9 e M My, My, My,
P (B = vWT) = oo 1Kl MV2V<1‘M2) (”w”w ’
2 3 2 2 4
— - g o M Mz Mz My
F<E Z)ziK (122 ) (145£2 -2 )
r 647rc§v| v < w2 )\ T

2 3
(B —0°) = GgAm|K5|21\A443V (1 =
Therefore, using Eq. (6.32)) the total decay widths for the three triplet fermions
F = N,E[,E] are
wor _ GOMP oy
E 6an M2, M?
where Fr(M) — 0 for M > myo, Mz, Myy. Consequently, the arbitrary y factor

(1+ Fp(M)) (6.35)

cancels out in the branching ratios. Furthermore the branching ratio in a final state
with a charge lepton of flavour o or a neutrino state ¢ produced in the vertex of
the heavy state decay is proportional to |Y,|? and ]fog(U LEP)pi|?) times a

B
kinematic factor depending solely on the heavy mass M.

Unlike in a general Type-III see—saw model for which the branching ratio of N
or EZi into a light lepton of a given flavour can be negligibly small, for the MLFV
Type-III see—saw model the branching ratios in the different light lepton flavours
are fixed by the neutrino physics and are non-vanishing as can be seen from Fig.[6.2]
and Egs. (6.34). This makes the flavour composition of the final states in any decay
chain of the heavy leptons to be fully determined given a neutrino mass ordering.
Consequently in the narrow width approximation the only free parameters in the
model are the mass of the states and the Majorana phase «, making the model
more unambiguously testable. Conversely, as discussed in Ref. [[130] in this MLFV
Type-III model the values of the neutrino masses imply a lower bound on the total
decay width of the triplet fermions as a consequence of the hierarchy between
the L-conserving and L-violating y and eyA’ constants. So their decay length is
too short to produce a detectable displaced decay vertex signature [[138]/139] at
difference with other see—saw models [[128/135,/136,(140].
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In summary, a key point for the observation of the MLFV nature of the model
is the determination of the flavor of the leptons decaying from the fermion triplets.
Therefore, in order to be able to tag the flavor of the leptons, we need to con-
sider processes where the new fermions have two-body decays exhibiting charged

leptons,
pp — F(— L, X)F' (= 6,X") (6.36)

for F,F' = N, E; and with X, X’ = Z W, h. Using the narrow width approxima-

tion, the production cross sections of these processes can be calculated using
o [pp = F(—= L.X)F' (= [,X")] o |Yol?|¥5)? (6.37)

where Y, = % It turns out that the number of events expected for final states with
different combinations of charged lepton flavors can be fully determined in terms
of the low—energy neutrino parameters.

In the next section we shall use the available data from LHC, to constrain a
specific case of this type of models, i.e.to find a bound for the triplet mass where it

is possible to unambiguously rule out this scenario.

6.2 Case Study: pp — ['vv

In order to study the sensitivity of LHC Run 1 to MLFV Type-III see—saw sig-
natures we will use the event topologies studied by ATLAS in Ref. [118]] which
contain two charged leptons (either electron or muons), two jets from a hadron-
ically decaying W boson and large missing transverse momentum. ATLAS used
these topologies to search for heavy fermions in the context of the simplified Type—
IIT see—saw model as implemented in Ref. [[120]. They presented their results as
number of events for the six different flavour and charge lepton pair combinations:
same sign (SS) and opposite sign (SS) ee, pp and ep. Using those they obtain
bounds on the triplet mass which depend on the decay branching ratio into the dif-
ferent flavours. In particular for triplets decaying mostly into 7°s no bound can be
derived.

On the contrary, as stressed in the previous section, in the MLFV scenario
the flavour and lepton number of the final states produced in the heavy fermion
decay chain is very much constrained. Thus having the final states classified in the
different flavour and charge combinations makes the result in Ref. [[118]] best suited

for testing the MLFV scenario as we quantify next.
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Finally, we have implemented the Lagrangian in Eqgs. (6.27)—(6.30) using the
package FeynRules [64}65]]. This will allow us to simulate the expected signals in
this MLFV Type-III. We have made available the corresponding model files at the
corresponding URL [141].

6.2.1 Contributing subprocesses

Let us start by listing the possible subprocesses contributing to the different flavour
and charge combinations in the MLFV Type-III see—saw model. They all pro-
ceed by the production of a pair of heavy triplet states and their subsequent decay.
The pair production of the fermion triplets takes place via gauge interactions, and,
therefore, it depends exclusively upon the mass of the new states. On the other
hand, the branching ratios of these fermions into the final states described in the
previous section depend upon the Yukawa couplings )75 which vary in the different

subprocesses:
e pp— E/ N, (By =157, Z—=vwi) (N—=ITW=, W™ = jj):

Using interactions in (6.27)—(6.28) it is easy to show that the production
cross section for this process (after summing over neutrino states ) is pro-
portional to |K|? | K|?. Therefore, as discussed in the previous section, in
the narrow width approximation the production cross section for this process

and its charge conjugated one can be factorized as
o) Va2 52, (6.38)
o pp— Ef N, (Ef »uiWT, WH = jj) (N = IEW™, W™ — v,

whose production cross section is proportional to |Kg|?/K;|%. So in the
narrow width approximation and after summing over the v; states using
Eq. (6.32) the cross section for this process and its charge conjugated one
can be written as
(2a) |y 12
Ty Y| . (6.39)
o pp— Ef N, (Ef »uiWT, WH = IFu) (N> W, W™ = jj):

and the respective charge conjugate process possess a Ccross section propor-
tional to | K 5|?| K;|2. As before, in the narrow width approximation and after

summing over the v; states we parametrize the production cross section as

oy, [Vsl?. (6.40)
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o pp— ESN, (Ef »uiW*, WH = jj) (N —v;Z, Z— I515):

and its charge conjugate process with cross section proportional to | K;|?|K ;|2

that after summing over the neutrino states ¢ and j reads

o) (6.41)

o pp— EfET , (Bf = 12,72 —jj) (Bf =15Z2,7Z = vivi),
pp— EYEr, (BEf =152, Z = vv) (BEf =15Z,7Z = jj):

with cross section
3) |~ -
o) Va7, 2 (6.42)

Altogether the cross section of each OS flavour channel is given by:

00 = [0l + 0P| [Tl + o2V 4+ o2,
095 = [0l + o) + o) + 0| [T,
+olONY [ + o 2|Y,)2 (6.43)
OS — 4 2a) 2 (2
Tup = ()+U}|Y’+0’( |Y‘+UC)3

while for SS lepton final state

o3 = JPN?,
o3 = o IY 2+ o Y,2, (6.44)
SS _ 2

We notice that in Eq. (6.38)- (6.44) the o ﬁv) [(327&), Uéib), 0[(3270), and agi) factors
are primarely functions of the heavy mass M and their flavour dependence enters
only via the difference response of the e and p to the selection cuts. Conversely
the normalized yukawas }75 contain the dominant dependence on the lepton flavour
and are functions of the parameters determined by the neutrino oscillation data and

the unknown Majorana phase « give in Eq. (6.26).

6.2.2 Signal simulation: procedure and expected event rates

In our analysis, we first simulated the above parton level signal processes with
MadGraph 5 [63]]. We then used PYTHIA 6.4 [66]] to generate the parton shower

and hadronization. Finally we performed a fast detector simulation with DELPHES
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3 [67] with jets being reconstructed using the anti-k7 algorithm with a radius R =
0.4 with the package FASTJET [142]].

In order to reproduce the ATLAS event selection corresponding to the searches
in Ref. [[118]] we required that the events contain exactly two leptons (muons and/or
electrons), a minimum of two jets and no b-tagged jet. In the case of OS (SS)
leptons the leading lepton must have transverse momentum (pr) in excess of 100
(70) GeV with the next-to-leading lepton pr larger than 25 (40) GeV. In addition
we imposed the invariant mass of the two leptons to be larger than 130 and 90 GeV
for OS and SS events respectively. We also demanded the pr of two leading jets
to be larger than 60 (40) and 30 (25) GeV for the OS (SS) final state. Moreover, to
characterize the presence of a hadronically decaying W in the event the invariant
mass of the leading jet pair was required to be between 60 and 100 GeV, and for
OS events we require the two leading jets to satisfy AR;; < 2. Finally, we only
selected events presenting missing transverse energy in excess of 110 (100) GeV
for OS (SS) events. We implement the above selection in MadAnalysis5 [[143]].

In order to tune our calculations we first simulated the signal for the Type-III
see—saw model of Ref. [[120] which is the one used in the ATLAS analysis. By
comparing our number of expected events with the ones obtained by ATLAS in
Fig. 2 of [118]] for the OS and SS final states presenting ee, ey and pp pairs, we
extract overall multiplicative correction factors for each of these final states such
that our fast simulation agrees with the one of ATLAS. To validate our procedure
we verified that our tuned Monte Carlo reproduces the missing transverse momen-
tum distribution presented in Fig. 1 of [[118]. We then apply these correction factors
in the evaluation of the expected number of events of the MLFV type-III see—saw
model.

Concerning backgrounds, the dominant contribution comes from the produc-
tion of dibosons (WW W Z,Z7), Z plus jets, top pairs and single top in asso-
ciation with a W. In addition there are also background events that stems from
misidentification of leptons. In our analysis we directly use the background rates
estimated by ATLAS [118].

Figure depicts the resulting cross section factors oy, 024, 09, and o3 in-
troduced in Egs. (6.38)—(6.42)), for the events passing the selection cuts and after
applying the tuning correction factors. The results are shown as a function of the
new fermion mass and for the different lepton flavor combinations and a center-

of-mass energies of 8§ TeV EI From this figure we can see that the four possible

309 is vanishing small since the event selection vetoes the presence of on-shell Z’s.
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leptonic final states (ee, uu, eu, and pe) have similar cross section factors for
masses larger than 300 GeV, however, closer to the threshold the detection and ac-
ceptance efficiencies induce differences among the leptonic final states. In the case
of g9, both leptons originate from the decay of a single triplet fermion, therefore
reducing the acceptance at small masses due to the OS lepton pair invariant mass

cut.

10 & ee el ee E
Jp— pfe E J— i
r eu N eutue
P I ue [
10 L R B I B
200 400 600 200 400 600
M (GeV) M (GeV)

Figure 6.3: Cross section factors for the different contributions to the event topolo-
gies as a function of the triplet mass M as defined in Eqgs. (6.38)—(6.42)) after in-
clusion of our simulation of the selections of Ref. [118]] (see text for details).

Weighting these cross section factors with the different combination of Yukawa
couplings as in Egs. (6.43)) and (6.44) and times the luminosity we predict the sig-
nal event rates in the different flavour and charge combinations of the final lepton
pair. For example in Figs. and [6.5] we present the event rate prediction as
a function of the unknown Majorana phase « for a triplet mass of 300 GeV, an
integrated luminosity of 20.3 fb~! and normal ordering and inverted ordering re-
spectively. As seen in Fig. [6.4] for NO, the expected number of ee events is very

small for both OS and SS channels. Nevertheless, a considerable number of events
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containing muons is expected except for «/m around 1. This is so because for
NO |Y,,| is much larger than |Y,| as can be seen from Fig. For 10 we see in
Fig.[6.5] as could be anticipated from Fig. that the expectations in all flavor
channels vary appreciably with the Majorana phase . However, the strong corre-
lation between |Y, | and |Y,,| in IO — depicted in the right bottom panel of Fig. —
guarantees a sizable number of events for almost the entire o range with the signal
being dominated by the channels e and pp for OS leptons and the channel ey for
SS leptons.

6.3 Analysis and Results

In order to quantify the bounds on the MLFV Type-III see—saw scenario we build
the likelihood function using the six data points associated to the events with ee, ey
and pu leptons of either SS or OS. As discussed in the previous section, we make
direct use of the corresponding background estimate by ATLAS which we read
from Fig. 2 and Table I of Ref. [118]] and that summarize here for completeness:

| OSee SSee OSup SSup OSep SSeu| totalOS  total SS
Ndat 9 3 3 1 13 0 25 4
Nk | 8.5 1 95 0.5 13 165 | 31.0+7.7 3.15+08

According to Ref. [118] the reported background errors in the table and figure
include both the statistical and systematic uncertainties. Comparing the read out
of these uncertainties for each of the six individual channels with the total reported
in the table we conclude that the ~ 25% background uncertainty is strongly corre-
lated among the different channels as the total background uncertainty comes to be
very close to the arithmetic sum of the individual ones, while if they were totally
uncorrelated one would expect it to be the quadratic sum.

So we build the likelihood function as

Ndat
2 s bek d dat
—2Lgq = X6d —msln 2i21:6 [(1 +§)Nic +Nimo _ Nia logm
52
+ 0252} (6.45)

where we account for the background uncertainty by introducing a unique pull
& with an uncertainty of 25%@ N/med is the predicted contribution to the number

* We have verified that including several pulls for the different source of background and smaller
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Figure 6.4: Expected number of signal events at v/s = 8 TeV and an integrated

luminosity of 20.3 fb~!, in each of the six flavour-charge combinations for a triplet

mass of M = 300 GeV and for neutrino parameters corresponding to the NO. The

conventions are the same as in Fig.1.

of events in channel 7 from the triplet production and decays which depends on

the triplet mass and the neutrino parameters as discussed in the previous section.

In building the likelihood (6.43) we have used Poisson statistics to account for the

small number of events in each channel.

We plot as full lines in Fig. the dependence of X% 4 on the triplet mass after

marginalization over the neutrino parameters (including the unknown Majorana

uncertainties each does not have any significant impact in the results.
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Figure 6.5: Same as Fig. [6.5] for 10.

phase «) over the 95% CL allowed values from the neutrino oscillation analysis
for either NO or IO. First thing to notice is that in the SM (N"*?=0, which can be
inferred from the large M limit in the figure) we find X%d, gy = 11.8 which is a
bit high for 6 data points. This is mostly driven by the OS pu channel for which
3 events are observed when about 10 are expected in the SM. From this figure we
also read that requiring xg; — Xgq,ga7 < 4 We can infer an absolute bound on the
triplet mass of 300 GeV (375 GeV) for NO (IO) light neutrino masses.

In order to stress the importance of the flavour and charge information on the
possibility of imposing this bound, we have constructed the corresponding likeli-

hood function summing the information from all the channels. As in this case the
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Figure 6.6: Triplet mass dependence of the x? functions of the analysis of pp —
II'jjvv events with [, being either e or u of either charge observed in the LHC
Run 1 in ATLAS [118]] when analyzed in the context of MLFV Type-III see—saw
model. The full lines correspond to the likelihood function constructed including
the full information given on flavour and charge of the final states (see Eq. (6.43))
while the dashed lines are obtained from the analysis of the total data summing
over charge and flavour. The triplet couplings have been marginalized within the
ranges allowed at 95% CL by the neutrino oscillation data analysis in Ref. [131]]
for NO (blue lines) and IO (purple lines) and for any value of the Majorana phase

[

total number of observed events is large enough, we assume gaussianity. So we

define:
(Ntot,bck 4 Ntot,mod _ Ntot,dat)2

Ntot,dat + (0.25Nt0t,bck)2

X2, = (6.46)

The dependence of x?2,, on the triplet mass after marginalization over the neutrino
parameters (including the unknown Majorana phase «) over the 95% CL allowed
values from the neutrino oscillation analysis (Ax?2,. < 4) for either NO or IO
is shown as dashed lines in Fig. [6.6] As the deficit in OS pp is compensated
by the slight excesses in other channels, we find that in this case the SM gives
a perfect description of the total observed event rates (Xfmz gp=0.25). The figure
clearly illustrates the relevance of flavour and charge information, as in this case

the condition x?7,, — x?ot g < 4 does result into no bound on the triplet mass for
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NO neutrino masses while it rules out only M < 260 for IO.

The dependence of the bounds on the unknown phase « is displayed in Fig.[6.7]
The full red regions are excluded values of triplet masses in the MLFV scenario at
95% CL (ng — X% a.sn > 4 when marginalizing over the oscillation parameters
within the 95% CL allowed values by the oscillation analysis in NO (left) and 10
(right) for each value of o. The o marginalized bound discussed above correspond
to the lightest allowed masses in these panels which for NO (M > 300 GeV)
correspond to o = 7 while for @« = 0, 27 the bound strengthens to M > 480
GeV. For IO the dependence of the bound on « is weaker. The marginalized bound
M > 380 GeV corresponds to o ~ 37/4,37/2 but it is close to that value for
almost all values of alpha. The strongest bound of M > 430 GeV corresponds

alsoto o = 0, 27.
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Figure 6.7: 95% excluded triplet mass in the MLFV Type-III see—saw scenario as
a function of the unknown phase « from the analysis of pp — [I'jjvv events with
1,1’ being either e or 1 of either charge observed in the LHC Run 1 in ATLAS [118].
The full regions correspond to the likelihood function constructed including the full
information given on flavour and charge of the final states (see Eq. (6.43)) while
the hatched ones are obtained from the analysis of the total data summing over
charge and flavour (see Eq. (6.46)). The triplet couplings have been marginalized
within the ranges allowed at 95% CL by the neutrino oscillation data analysis in
Ref. for NO (left) and IO (right).

The hatched regions are the corresponding constraints obtained using only the
information on the total number of events (x7,; — X7, g > 4) summed over
flavour and charge of the final leptons. This figure illustrates again how using the

flavour and charge information allows to impose stronger bounds on this scenario,
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in particular allowing to rule out triplet masses irrespective of « for both orderings
while for NO no bound can be imposed for 70° < a < 250° if only the total

number of events is considered.

6.4 Conclusions

In this Chapter we have discussed a complementary analysis to the ones using EFT
to look for footprints of NP at LHC. Instead of assuming that the new states are
too heavy to be seen at LHC and the only way to see their effects is to look for
desviations in the SM couplings, we made a direct search to look for new sates. In
the particular model-dependent study presented we used as motivation the origin
of neutrinos’ mass, which is one of the open question in the SM.

We analyzed a consistent TeV model for the generation of the neutrino masses
that could lead, in addition, to measurable LHC signals. The MLFV type-III see—
saw model contains fermion triplets that could live at the TeV scale, while the
neutrino masses are related to the tiny total lepton number violation that has a very
high energy scale associated. Due to the MLFV hypothesis, a highly predictive
flavor composition of the heavy partner couplings to the SM, so at LHC we should
look for testable flavor signals. We did it for a specific case, where the final state at
LHC contains two charged leptons (either electron or muons of equal or opposite
sign), two jets from a hadronically decaying W boson and large missing transverse
momentum. In this scenario the flavor structure of the couplings of the triplet
fermions to the SM leptons can be reconstructed from the neutrino mass matrix
and lepton number violation is very suppressed.

In summary, we have shown how the analysis of the events containing two
charged leptons (either electron or muons), two jets from a hadronically decaying
W boson in the Run 1 with the ATLAS detector [[118]] can be used to impose con-
straints on the MLFV Type III see—saw scenario. Because of MLFV, the expected
event rates in the different flavour and charge combinations of the two leptons are
constrained by the existing neutrino data so the bounds cannot be evaded. For this
reason it is possible to use this data to rule out these scenario with triplet masses
lighter than 300 GeV at 95% CL irrespective of the neutrino mass ordering and of
the value of the unknown Majorana phase parameter. The same analysis allows to
rule out triplet masses masses up to 480 GeV at 95% CL for NO and a = 0, 7.
We have stressed and quantified how the information on flavour and charge infor-

mation of the produced leptons is important for maximal sensitivity to MLFV. In
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particular we showed that in the absence of information on charge and flavour of
the final leptons it is not possible to obtain unambiguous limits on the mass of the
new triplet fermions.

We finish by commenting that extended sensitivity to MLFV with heavier
triplets should be attainable with the data already accumulated from Run 2 in the
same or other event topologies. For example by the analysis of the multilepton final
states in CMS in Ref. [115]] which, so far, has been performed only in the context
of the simplified Type-III see—saw model. Nevertheless, as previously stressed to
do so it is important to make use of the flavour and charge of final state leptons

which has not been made public yet.
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Chapter 7

Conclusions

We are living in an era where experiments play an important role in unveiling any
signs of physics BSM. While writing this Thesis, we believe that colliders can
guide us towards the answers of some open questions in Particle Physics. At 2012,
the last missing ingredient of the SM was found at LHC, just two years after the
start of the operation. The particles physics community was feeling enthusiastic
about looking for new resonances at LHC, since the COM energy was still at half
of the its full potential. For the first time, we were able to access the EWSB scale
and to search for new resonances at the TeV scale.

The discovery was followed by a large number of analysis in order to determine
if the observed particle was indeed the SM Higgs. After finishing the Run 1 and
its complete analysis, several studies point to SM-like picture. In addition, there
was not any sign of a new resonance, even after many preliminary analyses from
Run 2, with a COM energy of 14 TeV. This is a clear motivation to the work done
in the first part of this Thesis, which includes Chapter [2]to Chapter [5] in which we
adopted an atheist perspective of NP, which is laying in some higher scale. We do
not know what happens at that scale, but whichever NP, it can leave footprints at
low energy scale in the form of effective operators of dimension higher than four.
So, in a completely model-independent approach, we make use of such effective
Lagrangian to look for deviations from the SM at the EWSB scale.

We started in Chapter 2] by introducing what is an EFT and how the SM can be
seen as an EFT at low energies. We presented an effective Lagrangian describing
the physics relevant to the EWSB sector at the TeV scale. We assumed that the
Higgs boson is part of an SU(2)1, doublet so the SU(3)¢c ® SU(2)r @ U(1)y is
realized linearly. The possible deviations from the SM are parametrized by a set of

new higher dimension operators. We followed a bottom—up approach, in which we
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assume our ignorance about the nature of the theory at high energy scale, with a
choice of the operator basis which is driven by the experimental information avail-
able. This way the theoretical bias was maximally reduced, so that as many UV
completions as possible can be confronted with the data. In the same Chapter we
show how these operators change some interactions and observables relevant for
our analyses: the triple gauge couplings, the Higgs couplings to both fermions and
gauge bosons, and the couplings of the gauge bosons to fermions. We considered
all the Lorentz—structures implied by the new operators, many of which are not
induced in the SM at tree level. The importance of taking into account different
experimental sets is highlighted in the correlated structures between Higgs—gauge
and triple gauge couplings. We finished the Chapter by presenting the final basis
of operators used in this Thesis. The chosen basis has the advantage of avoiding
blind directions, i.e.the nonexistence of any combination of the anomalous opera-
tors whose contribution at tree level to any of the considered observables cancels

out.

In Chapter 3] we have studied the effect of the fermionic operators in the analy-
sis of the TGCs, using the LHC Run 1 diboson data. Traditionally, the analysis of
TGCs was done assuming the so called TGC dominance, where NP effects other
than anomalous TGC were considered negligible. In this Chapter, we have shown
that changes in the couplings between quarks and gauge bosons, even within the
constrains from EWPD, lead to modifications of the kinematical distributions in
gauge boson pair production of comparable size to the ones stemming from the
purely anomalous TGC. The effects from fermionic operators are thus amplified
with the increase of the COM energy at LHC. To perform a consistent analysis on
constraining the Wilson coefficients from the new operators, we built a x? func-
tion including both kinematic distributions from diboson production and LEP data
on the triple gauge boson couplings. Besides obtaining the allowed ranges for the
Wilson coefficients of the operators that contribute to the LHC Run 1 data consid-
ered, we also learned that the LHC Run 1 diboson data is not precise enough to
yield substantial information on the gauge couplings to quarks in addition to what
is already known from EWPD but it is not that far off. Thus the results are a clear
sign that LHC is getting competitive in terms of precision with LEP, so that dibo-
son production at the LHC will play an important role in the analyses of anomalous
couplings of gauge bosons to quarks as the LHC increases the integrated luminos-
ity. Hence, any analysis of LHC observables should also include these fermionic

operators, and therefore combine also the information from EWPD for a consistent
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determination of the Wilson coefficients of the full set of dimension—six operators.

In Chapter [4] we performed a global analysis of all the relevant observables
related to the electroweak sector, which at present allows for precision tests of
the couplings between electroweak gauge bosons and fermions, triple electroweak
gauge couplings and the couplings of the Higgs to fermions and gauge bosons.
Moreover, as we have seen in Chapter 3] the effects of the fermionc operators in
diboson analysis can also lead indirectly to changes in the Higgs couplings, due
to the correlation between triple gauge vertices and Higgs—gauge vertices. There-
fore, our analysis includes low energy electroweak precision measurements as well
as LHC data on gauge boson pair production and Higgs observables. In total, the
global analysis of EWPD and EWDBD and Higgs results from LHC Run 1 encom-
passed 64 observables and including Run 1 and 2, 122 observables. By including
these three different sets of data and assuming that the new operators do not intro-
duce new tree level sources of flavor violation nor violation of universality of the
weak current, the global analysis involved the 20 operators of which 8 contribute to
EWPD, 4 additional enter in the combination with the LHC EWDBD, and the 20
operators enter once the Higgs observables are considered. Altogether the analyses
show no statistically significant source of tension with the SM. We also saw that
the inclusion of the Run 2 data, with an increased integrated luminosity gathered
at 13 TeV allows us to obtain more stringent bounds on a larger set of anomalous
interactions and to perform new tests of the SM. Nevertheless we also identified set
of four discrete quasi-degeneracies in the large parameter space which allows for
large deviations from the SM predictions in the corresponding Wilson coefficients
without any tension with the data. Finally we also presented a comparative quan-
tification of the dependence of the extracted information on the Wilson coefficients

of the twenty operators on the order of the truncation of the effective series.

In Chapter [5] we moved to the analysis of a different set of dimension—six op-
erators that were not included before: the light-quark dipole operators. The light-
quark electroweak dipole operators had been previously studied using EWPD and
as well as deep inelastic scattering results from HERA. Due to its structure, these
operators contribute to any process at the LHC initiated by the quark and antiquark
components of the colliding protons, in particular to the electroweak diboson pro-
duction without interfering with the SM amplitudes. The first part of the analysis
has shown us that the determination of the gauge boson self-couplings from elec-
troweak diboson production at LHC is robust under the inclusion of those quark

dipole operators even when let them totally unconstrained in the analysis. There-
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fore leaving these operators out of the global analysis of Chapter ] was justified.
We also use the analysis to determine the bounds imposed on the light quark dipole
operators by LHC EWDBD together with Drell-Yan lepton pair production. Our
results show that these analyses of LHC data improve over the bounds obtained
from the EWPD by more than one order of magnitude, further stressing the reach
of the precision frontier by LHC.

In this Thesis we also followed a different approach, a more model-dependent
one where we can study direct searches at LHC for some SM completion, instead of
just looking for subdominant effects at low energy coming from some high scale
theory, unreachable at our current experiments. The chosen motivation was the
origin of neutrino masses, since it is clearly the most undoubtful proof that the SM

picture is not complete.

In Chapter [6] our prescription to study the potential of the LHC to address the
question of neutrino mass generation was to find a consistent model with observ-
able and maximally predictable signals at the TeV scale. The MLFV Type-III
see—saw was such a suitable model due to its interesting TeV phenomenology. The
heavy partners, two charged heavy leptons and one quasi—Dirac neutral heavy state,
are light enough to be produced at LHC and their decay length is too short to pro-
duce a detectable displaced decay vertex signature, contrary to other see—saw mod-
els. Also, any lepton number violating process is really suppressed in this model.
One other interesting feature of MLFV Type-III see—saw was the fact that the the
couplings of the new heavy leptons to the SM charged leptons and neutrinos can be
predicted, up to irrelevant normalization constants, from the low energy neutrino
parameters. We obtain the bounds on the NP scale of this scenario that originates
from the ATLAS searches in the final state topology containing two charged leptons
(electrons and/or muons), two jets compatible with a hadronically decaying W and
missing transverse momentum. We made use of the fact that this ATLAS search
classified the final states in the different flavour and charge combinations, which
made possible to exploit the predictions of the MLFV Type-III see—saw model.

In summary, in this Thesis, we started by studying the possible presence of NP
in the electroweak sector using a model-independent approach, an effective La-
grangian. By doing so, we simultaneously tested the SM for possible deviations
and also the nature of the Higgs particle. With the current LHC, already working
at the 13 TeV with an integrated luminosity around 20 fb~!, the SM is surviving
to this plethora of tests, without any sign of weakness, barring the effect of the

remaining quasi-degeneracies in some of the couplings, the picture seems to be
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SM-like. Nevertheless we foresee that, as the LHC increases the integrated lumi-
nosity, some effects could be enhanced and unveil hints for NP. This also could be
the case of a new resonance, capable of explaining the origin of neutrino masses.

After providing a better understanding of the EWSB, colliders are still our best
option to access unexplored energy scales and to enlighten us with answers to the
open mysteries in Particle Physics.
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