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Resumen

El descubrimiento del boson de Higgs en El Gran Colisionador de Hadrones (LHC) consti-
tuye la confirmacion de la existencia de la ultima pieza del Modelo Estdndar de la fisica
de particulas. Sin embargo, existen aun problemas importantes que dicho marco teérico
no pude responder, tales como el origen de la masa de los neutrinos, la naturaleza de
la materia oscura, el origen de la asimetria barionica del universo o el problema CP de
las interacciones fuertes. Han aparecido diversas propuestas en las tltimas décadas para
responder a estas preguntas, con la caracteristica comin de que todas estas extensiones
a energias mas alla del Modelo Estandar deben mostrarse de algin modo a energias no
mucho mas elevadas que la Escala Electrodébil. Esto constituye una invitaciéon a explorar
experimentalmente la fisica a energias del orden del Teraelectronvoltio (TeV). El nimero
de posibilidades para extender el Modelo Estandar es enorme, con cada caso motivado por
diferentes ideas teéricas o diferentes indicios experimentales.

El plan de investigacion experimental a energias por encima de la Escala Electrodébil
para las préoximas décadas utiliza el aprovechamiento exhaustivo de las posibilidades del
LHC, incluyendo la fase de Alta Luminosidad (HL), y la incorporacion de nuevos detectores
centrados en senales especificas, dificiles de medir con los experimentos actuales, tal como
las busquedas de particulas con vida media larga. Asi mismo, hay planes para construir el
Colisionador Lineal Internacional (ILC) en Japén, un colisionador de electrones-positrones
con energias de 500 GeV. Por lo tanto, en la actualidad y en el futuro proximo, las posibil-
idades de probar cualquier teorfa mas alla del Modelo Estdndar en términos de su efecto
sobre la fenomenologia de particulas estan restringidas a experimentos alrededor del TeV
de energia. Afortunadamente esto es suficiente para analizar gran cantidad de modelos ca-
paces de resolver algunos de los problemas del Modelo Estandar y a la vez producir senales
en los aceleradores, tanto directas como indirectas. Por ello es crucial hacer un analisis
detallado de cada modelo, que permita disenar los experimentos para tener una cobertura
optima y a la vez tenga la capacidad de diferenciar entre distintos modelos.

La supersimetria a la escala del TeV ha sido quizés la teorfa més aceptada en las ulti-
mas décadas para extender el Modelo Estandar a la escala Electrodébil. Las extensiones
supersimétricas del Modelo Estandar resultan ttiles resolviendo el denominado problema
de las jerarquias y proporcionando un buen candidato a materia oscura. Las teorias super-
simétricas tienen ademas propiedades interesantes como la unificaciéon de las interacciones
gauge tras incluir su efecto en las ecuaciones del grupo de renormalizacion.

La supersimetria predice la existencia de una particula nueva asociada a cada una de las
del Modelo Estandar con los mismos niimero cuanticos, exceptuando el espin. Por lo tanto
predice la existencia de un compaiero escalar por cada fermién y un compaiiero fermiénico
por cada boséon. Ademas hay buenas razones para predecir la masa de estas particulas
alrededor de la escala del TeV. De este modo, la supersimetria predice la existencia de un
gran nuamero de particulas que estarfan dentro del rango de energias accesible para el LHC
o la siguiente generacion de aceleradores.



A lo largo de la presente tesis se discuten los aspectos fenomenologicos del modelo
supersimétrico denominado prSSM relevantes para el LHC. Ademés de las propiedades
atractivas de los modelos supersimétricos, el prSSM permite solucionar el denominado
problema p del Minimal Superymmetric Standard Model (MSSM) y explicar al mismo
tiempo el origen de la masa de los neutrinos. Dentro de este modelo, el gravitino es un
buen candidato a materia oscura.

En extensiones supersimétricas del Modelo Estandar, el ntimero bariénico ya no es una
simetria accidental y ha de ser obtenida imponiendo algin tipo de simetria discreta. De
otro modo los modelos predirian una vida media para el protéon inaceptablemente baja.
Generalmente este rol lo juega la simetria discreta denominada R-paridad, que fuerza a
cada particula supersimétrica a ser producida a pares. La consecuencia directa de esta
simetria es que la particula supersimétrica méas ligera (LSP) sera estable. En ese caso
existen fuertes limites cosmologicos a las propiedades que ha de tener dicha particula, que
por otro lado la convierten en un candidato a materia oscura ideal. En los aceleradores,
la familia de modelos supersimétricos que respetan la R-paridad predice la produccion de
eventos con una gran cantidad de momento transversal desaparecido (MET).

En su lugar, el prSSM incluye términos en el lagrangiano que no permiten asignar de
forma consistente cargas bajo R-paridad a todas las particulas y por lo tanto esta simetria
esta explicitamente rota. Dado que las particulas supersimétricas pueden decaer a particu-
las del Modelo Estandar, la fenomenologia del modelo es mas rica y debe ser estudiada
detalladamente. Aunque existen otros modelos que rompen R-paridad, la estructura del
uSSM es compleja v da lugar a senales tnicas.

El objetivo de ésta tesis es llevar a cabo un estudio de las posible senales a las que podria
dar lugar el urSSM en el LHC . En concreto nos enfocamos en el sector electrodébil del
modelo, el cual en principio puede ser comprobado con una cierta facilidad en un acelerador
de hadrones, de forma que identificamos las senales que pueden aparecer en la producciéon
de los supercompaneros electrodébiles en el LHC. El texto esta organizado como se explica
a continuacion: El capitulo 1 es una breve introduccion a la supersimetria, presentando
las caracteristicas mas importantes del marco tedrico y presentando los modelos méas pop-
ulares, con sus limitaciones. En el capitulo 2 introducimos el modelo urSSM, describiendo
sus caracteristicas mas importantes y resumiendo los anéalisis fenomenologicos previos. El
capitulo 3 estd dedicado al analisis pormenorizado de las caracteristicas fenomenologicas
méas importantes del left sneutrino, cuando ésta es la particula supersimétrica mas ligera.
Alli mostramos las posibles senales a las que podria dar lugar en el LHC, cuando la desinte-
gracion es inmediata. En el capitulo 4 hacemos uso de una serie de puntos representativos
del espacio de parametros del left-sneutrino, que pueden producir senales detectables en
el LHC. En capitulo 5 se usan las busquedas de ATLAS de particulas con una vida me-
dia larga para poner limites al espacio de parametros del modelo cuando el left-sneutrino
es la particula supersimétrica mas ligera y decae a una distancia significativa del punto
de interacciéon primaria, produciendo vértices desplazados. En el capitulo 6 se utilizan
las busquedas de ATLAS de particulas supersimétricas Electrodebiles en espectros com-
primidos para poner limites a la masa del left-sneutrino, cuando la particula mas ligera es
un neutralino tipo bino y el sneutrino es la particula siguiente. Adicionalmente, en este
capitulo explicamos que el proceso descrito es compatible con un exceso local presentado
recientemente por la colaboracion ATLAS.

El capitulo 7 concluye la tesis resumiendo los principales resultados y perfilando los
proyectos futuros que se abren.



Summary

The discovery of the Higgs boson at the Large Hadron Collider (LHC) constitutes the
confirmation of the existence of the last building block of the Standard Model (SM) of
particle physics. However, there are still important questions unanswered by this theoretical
framework, such as for example the origin of neutrino masses, the nature of dark matter,
the origin of the baryon asymmetry of the Universe or the strong CP problem. Many
proposals have appeared in the last decades to address some of these questions, with the
general feature that the extensions Beyond the Standard Model (BSM) should somehow
manifest at energy scales no too far from the Electroweak Scale (EW). This constitutes an
invitation to explore experimentally the physics at the TeV scale. Nevertheless, the range
of possibilities to extend the standard model is huge, each of them motivated by different
theoretical paradigms or experimental hints.

The experimental road-map at energies above the EW scale for the next decades consists
of the exploitation of the full capabilities of the LHC, including the High Luminosity (HL)
phase, and the addition of new detectors focused on specific signals hard to measure by
the actual experiments, such as very long-lived particles. Also there are plans to build the
International Linear Collider (ILC) in Japan, an electron-positron collider with energies
of 500 GeV. Therefore, in the present and in the nearest future, the possibilities to test
any BSM theory in terms of its influence on particle phenomenology are constrained to
collider experiments around few TeV scale. Nevertheless, this is enough to reach a plethora
of models capable of solving problems of the SM and leave a signal in collider experiments,
both direct and indirect. Thus each model deserves a detailed analysis of the expected
phenomenology, in order to be able to design efficient searches covering the most of the
models and to differentiate between them in the case that a signal is finally detected.

TeV scale supersymmetry (SUSY) has been perhaps the most popular choice in the past
decades to extend the SM at the EW scale. Supersymmetric extensions of the SM have
proven themselves very useful solving the hierarchy problem and providing also a Dark
Matter (DM) candidate. SUSY theories are in addition quite appealing since they make
the gauge couplings become unified at some high energy scale after the inclusion of the
effects of SUSY on the renormalization group equations.

SUSY predicts the existence of a new particle for each one in the Standard Model, with
the same quantum numbers excepting the spin. Thus it predicts a scalar partner for each
fermion, and a fermionic partner for each boson, and the masses of these particles are highly
motivated to be around the TeV scale. Consequently, it predicts a large number of new
particles that could be within the experimental reach of the LHC or the next generation of
colliders.

In this thesis we discuss the phenomenological aspects of a SUSY model, the so-called
called pvSSM, at the LHC. Besides the good common properties of the SUSY models,
the pvSSM can provide a solution of the p-problem of the Minimal Supersymmetric Stan-
dard Model (MSSM) and simultaneously explain the origin of the measured properties of
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neutrinos. In addition, the Gravitino in the urSSM is a good DM candidate also.

In the SUSY extensions of the SM the baryon number is no longer an accidental sym-
metry and should be achieved imposing a discrete symmetry to prevent fast decay of the
proton. This role is usually played by R-parity conservation (RPC), which forces each
superpartner to be pair produced. The direct consequence of this is that the lightest su-
persymmetric particle (LSP) would be stable. There exist cosmological constraints which
bound this particle to be neutral, and play the role of the dark matter. At colliders,
this family of models would produce events with neutral stable particles which manifest
themselves as events with large missing transverse momentum (MET).

Instead, the urSSM includes terms in the Lagrangian which do not allow for a proper
assignment of R-parity charges and thus this symmetry is explicitly violated (R,). Since
the superpartners can decay to SM particles, the expected phenomenology is richer and
should be carefully studied. Altough there exist other I, models, the structure of the
uvSSM is complex and leads to unique signals.

The objective of this thesis is to make an exhaustive exploration of interesting signals
within the prSSM framework. In particular, we focus on the electroweak sector of the
model, which in principle can be explored with a certain ease in a hadron collider, and
identify the signatures that can appear in the production of electroweak superpartners at
the LHC. The text is organized as follows. Chapter 1 is a brief introduction to SUSY, dis-
cussing the most important characteristics of the theoretical framework and presenting the
most popular models, with its limitations. In chapter 2, we introduce the urSSM, describ-
ing its most important features and summarizing the previous phenomenological studies.
Chapter 3 is devoted to an analysis of the most important phenomenological aspects of the
left-handed neutrino superpartner, the left sneutrino, when it is the LSP. There we show
the possible signals that can be generated at colliders when producing this particle. In
chapter 4, we choose a selection of benchmark points representative of the left sneutrino
phenomenology, that can produce detectable prompt signals at the LHC. In chapter 5, we
use some of the current ATLAS searches for long lived particles to constrain the parameter
space of the model, when the left sneutrino is the LSP and decays at significant distance
of the interaction point, producing displaced vertices. In chapter 6, we utilize the ATLAS
searches for electroweak production of SUSY particles in compressed scenarios, to obtain
limits on the sneutrino mass, when the LSP is a bino-like neutralino and the sneutrino is
the NLSP. In addition, we explain that the process described is compatible with the local
excess of three leptons recently reported by the ATLAS collaboration. Chapter 7 concludes
the thesis summarizing the main results and outlining the future prospects of research.



Chapter 1

Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1I, 2] constitutes
the confirmation of the existence of the last building block of the Standard Model (SM) of
particle physics. However, there are still important questions unanswered by this theoretical
framework, such as for example the origin of neutrino masses, the nature of dark matter,
the origin of the baryon asymmetry of the Universe or the strong CP problem. Many
proposals have appeared in the last decades to address some of these questions, with the
general feature that the extensions Beyond the Standard Model (BSM) should somehow
manifest at energy scales no too far from the Electroweak Scale (EW). This constitutes an
invitation to explore experimentally the physics at the TeV scale. Nevertheless, the range
of possibilities to extend the standard model is huge, each of them motivated by different
theoretical paradigms or experimental hints.

The experimental road-map at energies above the EW scale for the next decades consists
of the exploitation of the full capabilities of the LHC, including the High Luminosity (HL)
phase, and the addition of new detectors focused on specific signals hard to measure by
the actual experiments, such as very long-lived particles. Also there are plans to build the
International Linear Collider (ILC) in Japan, an electron-positron collider with energies
of 500 GeV. Therefore, in the present and in the nearest future, the possibilities to test
any BSM theory in terms of its influence on particle phenomenology are constrained to
collider experiments around few TeV scale. Nevertheless, this is enough to reach a plethora
of models capable of solving problems of the SM and leave a signal in collider experiments,
both direct and indirect. Thus each model deserves a detailed analysis of the expected
phenomenology, in order to be able to design efficient searches covering the most of the
models and to differentiate between them in the case that a signal is finally detected.

TeV scale supersymmetry (SUSY) has been perhaps the most popular choice in the past
decades to extend the SM at the EW scale. Supersymmetric extensions of the SM have
proven themselves very useful solving the hierarchy problem and providing also a Dark
Matter (DM) candidate. SUSY theories are in addition quite appealing since they make
the gauge couplings become unified at some high energy scale after the inclusion of the
effects of SUSY on the renormalization group equations.

SUSY predicts the existence of a new particle for each one in the Standard Model, with
the same quantum numbers excepting the spin. Thus it predicts a scalar partner for each
fermion, and a fermionic partner for each boson, and the masses of these particles are highly
motivated to be around the TeV scale. Consequently, it predicts a large number of new
particles that could be within the experimental reach of the LHC or the next generation of
colliders.

In this thesis we discuss the phenomenological aspects of a SUSY model, the so-called



2 CHAPTER 1. INTRODUCTION

called uvSSM, at the LHC. Besides the good common properties of the SUSY models,
the uvSSM can provide a solution of the p-problem of the Minimal Supersymmetric Stan-
dard Model (MSSM) and simultaneously explain the origin of the measured properties of
neutrinos. In addition, the Gravitino in the prSSM is a good DM candidate also.

In the SUSY extensions of the SM the baryon number is no longer an accidental sym-
metry and should be achieved imposing a discrete symmetry to prevent fast decay of the
proton. This role is usually played by R-parity conservation (RPC), which forces each
superpartner to be pair produced. The direct consequence of this is that the lightest su-
persymmetric particle (LSP) would be stable. There exist cosmological constraints which
bound this particle to be neutral, and play the role of the dark matter. At colliders,
this family of models would produce events with neutral stable particles which manifest
themselves as events with large missing transverse momentum (MET).

Instead, the prSSM includes terms in the Lagrangian which do not allow for a proper
assignment of R-parity charges and thus this symmetry is explicitly wviolated (R,). Since
the superpartners can decay to SM particles, the expected phenomenology is richer and
should be carefully studied. Altough there exist other R, models, the structure of the
pSSM is complex and leads to unique signals.

The objective of this thesis is to make an exhaustive exploration of interesting signals
within the urSSM framework. In particular, we focus on the electroweak sector of the
model, which in principle can be explored with a certain ease in a hadron collider, and
identify the signatures that can appear in the production of electroweak superpartners at
the LHC. The text is organized as follows. Chapter [2]is a brief introduction to SUSY, dis-
cussing the most important characteristics of the theoretical framework and presenting the
most popular models, with its limitations. In chapter [3] we introduce the urSSM, describ-
ing its most important features and summarizing the previous phenomenological studies.
Chapter [4]is devoted to an analysis of the most important phenomenological aspects of the
left-handed neutrino superpartner, the left sneutrino, when it is the LSP. There we show
the possible signals that can be generated at colliders when producing this particle. In
chapter [5], we choose a selection of benchmark points representative of the left sneutrino
phenomenology, that can produce detectable prompt signals at the LHC. In chapter [0, we
use some of the current ATLAS searches for long lived particles to constrain the parameter
space of the model, when the left sneutrino is the LSP and decays at significant distance
of the interaction point, producing displaced vertices. In chapter [7, we utilize the ATLAS
searches for electroweak production of SUSY particles in compressed scenarios, to obtain
limits on the sneutrino mass, when the LSP is a bino-like neutralino and the sneutrino is
the NLSP. In addition, we explain that the process described is compatible with the local
excess of three leptons recently reported by the ATLAS collaboration. Chapter [§ concludes
the thesis summarizing the main results and outlining the future prospects of research.
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Introduccion

El descubrimiento del boson de Higgs en El Gran Colisionador de Hadrones (LHC) [, 2]
constituye la confirmacion de la existencia de la ultima pieza del Modelo Estandar de la
fisica de particulas. Sin embargo, existen aun problemas importantes que dicho marco
teorico no pude responder, tales como el origen de la masa de los neutrinos, la naturaleza
de la materia oscura, el origen de la asimetria barionica del universo o el problema CP de
las interacciones fuertes. Han aparecido diversas propuestas en las tltimas décadas para
responder a estas preguntas, con la caracteristica comin de que todas estas extensiones
a energias mas alla del Modelo Estandar deben mostrarse de algiin modo a energias no
mucho mas elevadas que la Escala Electrodébil. Esto constituye una invitacion a explorar
experimentalmente la fisica a energfas del orden del Teraelectronvoltio (TeV). El nimero
de posibilidades para extender el Modelo Esténdar es enorme, con cada caso motivado por
diferentes ideas teéricas o diferentes indicios experimentales.

El plan de investigacién experimental a energias por encima de la Escala Electrodébil
para las proximas décadas utiliza el aprovechamiento exhaustivo de las posibilidades del
LHC, incluyendo la fase de Alta Luminosidad (HL), y la incorporacion de nuevos detectores
centrados en senales especificas, dificiles de medir con los experimentos actuales, tal como
las busquedas de particulas con vida media larga. Asi mismo, hay planes para construir el
Colisionador Lineal Internacional (ILC) en Japon, un colisionador de electrones-positrones
con energias de 500 GeV. Por lo tanto, en la actualidad y en el futuro préximo, las posibil-
idades de probar cualquier teoria més alla del Modelo Estandar en términos de su efecto
sobre la fenomenologia de particulas estéan restringidas a experimentos alrededor del TeV
de energia. Afortunadamente esto es suficiente para analizar gran cantidad de modelos ca-
paces de resolver algunos de los problemas del Modelo Estdndar y a la vez producir senales
en los aceleradores, tanto directas como indirectas. Por ello es crucial hacer un anélisis
detallado de cada modelo, que permita disenar los experimentos para tener una cobertura
optima y a la vez tenga la capacidad de diferenciar entre distintos modelos.

La supersimetria a la escala del TeV ha sido quizas la teoria més aceptada en las ulti-
mas décadas para extender el Modelo Estandar a la escala Electrodébil. Las extensiones
supersimétricas del Modelo Estandar resultan ttiles resolviendo el denominado problema
de las jerarquias y proporcionando un buen candidato a materia oscura. Las teorfas super-
simétricas tienen ademas propiedades interesantes como la unificaciéon de las interacciones
gauge tras incluir su efecto en las ecuaciones del grupo de renormalizacion.

La supersimetria predice la existencia de una particula nueva asociada a cada una de las
del Modelo Estandar con los mismos nimero cuanticos, exceptuando el espin. Por lo tanto
predice la existencia de un comparnero escalar por cada fermién y un companero fermionico
por cada boséon. Ademas hay buenas razones para predecir la masa de estas particulas
alrededor de la escala del TeV. De este modo, la supersimetria predice la existencia de un
gran numero de particulas que estarfan dentro del rango de energias accesible para el LHC
o la siguiente generacion de aceleradores.
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A lo largo de la presente tesis se discuten los aspectos fenomenolégicos del modelo
supersimétrico denominado purSSM relevantes para el LHC. Ademas de las propiedades
atractivas de los modelos supersimétricos, el urSSM permite solucionar el denominado
problema p del Minimal Superymmetric Standard Model (MSSM) y explicar al mismo
tiempo el origen de la masa de los neutrinos. Dentro de este modelo, el gravitino es un
buen candidato a materia oscura.

En extensiones supersimétricas del Modelo Estandar, el niimero bariénico ya no es una
simetria accidental y ha de ser obtenida imponiendo algtn tipo de simetria discreta. De
otro modo los modelos predirian una vida media para el protén inaceptablemente baja.
Generalmente este rol lo juega la simetria discreta denominada R-paridad, que fuerza a
cada particula supersimétrica a ser producida a pares. La consecuencia directa de esta
simetria es que la particula supersimétrica méas ligera (LSP) sera estable. En ese caso
existen fuertes limites cosmoldgicos a las propiedades que ha de tener dicha particula, que
por otro lado la convierten en un candidato a materia oscura ideal. En los aceleradores,
la familia de modelos supersimétricos que respetan la R-paridad predice la produccion de
eventos con una gran cantidad de momento transversal desaparecido (MET).

En su lugar, el prSSM incluye términos en el lagrangiano que no permiten asignar de
forma consistente cargas bajo R-paridad a todas las particulas y por lo tanto esta simetria
esta explicitamente rota. Dado que las particulas supersimétricas pueden decaer a particu-
las del Modelo Estandar, la fenomenologia del modelo es mas rica y debe ser estudiada
detalladamente. Aunque existen otros modelos que rompen R-paridad, la estructura del
urSSM es compleja y da lugar a senales tnicas.

El objetivo de ésta tesis es llevar a cabo un estudio de las posible senales a las que podria
dar lugar el urSSM en el LHC . En concreto nos enfocamos en el sector electrodébil del
modelo, el cual en principio puede ser comprobado con una cierta facilidad en un acelerador
de hadrones, de forma que identificamos las senales que pueden aparecer en la producciéon
de los supercompaneros electrodébiles en el LHC. El texto esta organizado como se explica
a continuacion: El capitulo [2| es una breve introduccion a la supersimetria, presentando
las caracteristicas mas importantes del marco tedrico y presentando los modelos més pop-
ulares, con sus limitaciones. En el capitulo [3| introducimos el modelo urSSM, describiendo
sus caracteristicas mas importantes y resumiendo los analisis fenomenologicos previos. El
capitulo (4] estd dedicado al analisis pormenorizado de las caracteristicas fenomenolégicas
méas importantes del left sneutrino, cuando ésta es la particula supersimétrica mas ligera.
Alli mostramos las posibles seniales a las que podria dar lugar en el LHC, cuando la desinte-
gracion es inmediata. En el capitulo [5| hacemos uso de una serie de puntos representativos
del espacio de parametros del left-sneutrino, que pueden producir senales detectables en
el LHC. En capitulo [6] se usan las busquedas de ATLAS de particulas con una vida me-
dia larga para poner limites al espacio de parametros del modelo cuando el left-sneutrino
es la particula supersimétrica mas ligera y decae a una distancia significativa del punto
de interaccion primaria, produciendo vértices desplazados. En el capitulo [7] se utilizan
las busquedas de ATLAS de particulas supersimétricas Electrodebiles en espectros com-
primidos para poner limites a la masa del left-sneutrino, cuando la particula mas ligera es
un neutralino tipo bino y el sneutrino es la particula siguiente. Adicionalmente, en este
capitulo explicamos que el proceso descrito es compatible con un exceso local presentado
recientemente por la colaboracion ATLAS.

El capitulo |8 concluye la tesis resumiendo los principales resultados y perfilando los
proyectos futuros que se abren.
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Chapter 2

Supersymmetry

In this chapter we introduce supersymmetry and the basics of low energy supersymmet-
ric models. We explain the general features of SUSY models and its phenomenological
implications. Finally we present some of the problem of the simplest SUSY extension of
the standard mode, the MSSM. The reader could find extensive bibliography reviewing
supersymmetry [3], 4. [5, [6].

2.1 Beyond the Standard Model

The Standard Model of particle interactions is a theoretical framework capable to explain
most of the experimental evidence related with sub-nuclear physics, with few exceptions like
the mass of neutrinos and the origin of Dark matter. During last decades, the predictions
form the Standard Model have been confirmed one after the other. Masses of the W=
and Z bosons predicted by the SM are very close to their experimental vale, and the same
happens with their decay patterns. The SM also predicted the existence of new particles, as
the charm quark, from the requirement of very suppressed flavor changing neutral currents
(FCNC). Finally last necessary piece of the SM was discovered recently at the LHC, with
properties which match perfectly the predictions of the SM. It’s fair to say that, despite
the Dark Matter and neutrino mass, the experimental searches has given no unambiguous
hint for new additional structurel[]

From a theoretical point of view, however, the SM cannot be the end of the story. It
will have to be extended to describe physics at very high energy, near the reduced Planck
scale M, = (87G Newton) H/? = 2.4 x 10'%, where quantum gravitational effects are expected
to be important. From a speculative point of view, is hard to believe that no new physics
is present in the vast gap between Mgy and Mp. Besides of the personal inclination to
expect new physics happening in between, there is one theoretical problem related with the
mass of scalar particles in the theory, which requires some form of new physics. Commonly
known as the Hierarchy problem [16] [17, [I8] 19)].

The Standard Model requires the existence a neutral complex scalar (H) with the
classical potential:

V =m4|H|? + \H|*" (2.1)

!There exist significant discrepancies between the experimentally measured value and the predictions
of the standard model in the case of some of the decays of B-Mesons [7, [8, @] 10, 1T, 12, 13| 14] and
the magnetic anomalous momentum of the muon [I5]. Its implications for new physics are however still
definitive.
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The parameters are such that the minimum of the potential is located at (H) # 0, and
the interaction of the scalar with Fermions and Gauge Bosons, together with the H vacuum
expectation value (VEV) generates a mass term for each of them. This occurs when A > 0
and m? < 0, producing a VEV (H) = \/—m? /2.

The experimental measured values of the Gauge boson and Higgs masses fix the accept-
able values of the parameters on Eq. . That is < H >= 174 GeV, and the quadratic
term in the potential, the mass term, must be of order —(100 GeV)?, including the radiative
corrections. If the SM was the end of the story, all the radiative contributions to the Higgs
mass would be of the Electroweak order or smaller. However, the presence of any form of
new physics will translate to huge radiative corrections to the Higgs mass.

The simplest way to illustrate this is to include a new particle, fermion or boson, and
calculate the contribution of this diagrams, shown on Fig. to the Higgs boson mass.
The simplest way of regularizing the UV divergence is to use a cut-off regulator, and then
one finds a quadratic dependence on the cut-off scale A.

It is possible to translate the divergent behavior when the momentum running in the
loop is arbitrary large, to a divergence when the number of dimensions approach 4, in the
regularization scheme called dimensional regularization, through this process, one get rid of
the quadratic dependence on the cut-off. One however will still get a radiative contribution
that depends quadratically on the mass of the particle running inside the loops, and this
contributions would be present even when there is not direct coupling between the Higgs
boson and the unknown heavy particles, provided they interact with a common intermediate
state.

If there exist, for instance, an additional structure unifying the gauge interactions at
some High energy scale 10> GeV , with new particles with masses at this scales. An almost
exact cancellation between the ~ 10°°GeV? radiative corrections and the bare value of the
Higgs Boson mass should occur leaving a small finite value around the EW scale.

There are different proposals to extend the SM and solve he hierarchy problem. Some
invoking the existence of discrete symmetries such as Little Higgs models [20], interpreting
the Higgs field as a Non-elementary [21], 22], 23], the existence of extra dimensions [24], 25,
20], and also the existence of supersymmetry.

f S
—
7 N
H / \
— - o = - o - = \
/
H \ _
___>__\_‘___>___..

Figure 2.1: One loop diagrams contributing to the Higgs mass parameter m?;, by cause of
a Dirac fermion and a scalar.

As explained above, the radiative corrections to the mass of the Higgs boson are pro-
portional to the square of the scale of the new physics. Even if one avoids the physical
interpretation of a UV cut-off (Ayy) using dimensional regularization one still gets a correc-
tion proportional to the square of the mass of the extended particle content. This correction
is only avoided with the unphysical tuning of a counter-term specifically for that purpose.

If the Higgs boson is a fundamental particle, we must assume that there is no new
high-mass physics affecting the scalar Higgs or a precise cancellation between all these
effects somehow takes place. Supersymmetry, a symmetry that relates bosons and fermions,
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constitutes one example of this forbidding radiative corrections to any of the masses when
the symmetry is exact.

In the same spirit as for the diagrams in Figl2.1 Now one ought to include, for each
diagram, a new radiative contribution with the exact same quantum numbers and masses,
but exchanging fermions for bosons and vice-versa. The result of the calculation has to
be exactly the same up to a negative sign, which makes the two contributions cancel each
other. This explicit pair cancellation of Feynman diagrams is translated to rules forbidding
radiative contributions after writing the Lagrangian in an explicitly supersymmetric lan-
guage, in the same spirit as Lorentz invariant qualities are visibly invariant when written
in a covariant language.

2.2 Introduction to SUSY

Supersymmetric operators acts on Lorentz representations transforming bosonic states into
fermionic states and vice-versa:

Q| Bosonic state) — |Fermionic state) Q|Fermionic state) — |Bosonic state)

When SUSY is a symmetry of the theory the SUSY generator commute with the rest
of operators, therefore the transformation between bosons and fermions do not affect the
action of the rest of them.

The Coleman-Mandula theorem [27] establishes the form of the possible symmetries of
the S-matriz of a non trivial Quantum Field Theory (QFT). It restricts the symmetries,
under certain reasonable assumptions, to the direct product of the Poincare Group and
internal symmetry groups. The Haag-Lopuszanki-Sohnius extension of Coleman-Mandula
theorem [28] allows for extending the symmetry group of a interacting quantum field theory
to include this type of transformations, extending the Lie algebra to:

{ £7Qg} - 20-;nﬁpm5;317

{Qév Qg} = 0,
[Pma Qﬁ] = 0,
[Pn, P, = 0. (22)

The single-particle states of a SUSY theory would be irreducible representations of
the lie algebra, called supermultiplets, which contains fermionic and bosonic states. The
particle states inside the same multiplet must share quantum numbers for any symmetry
group commuting with the supersymmetry generators, thus they share eigenvalues of — P2,
and therefore have equal masses. Similarly for electric charge, weak isospin and color
charge. Within a supermultiplet, the number of fermionic degrees of freedom equals the
number of bosonic ones.

The basic representations of the supersymmetric algebra are the chiral and vector su-
perfields, shown in Eq. and Eq. , with chiral derivatives defined on Eq. ([2.9)
and . The former includes a two-component Weyl fermion (1)), a complex scalar field
(¢) and a spin-2 auxiliary Field eliminated on-shell (F'); and the latter includes a massless
spin-1 boson (A,), a massless spin-1/2 Weyl fermion (), a massless spin-1/2 fermion (x)
that can be set x = 0 by a gauge rotation, and a spin-2 auxiliary field (D). The symbols
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6 and 0 represent Grassman variables.

D% =0 (2.3)
_ 1 .- 1
® = ¢(x)+i00"00,¢ + 102928% + /200 — ﬁeeauwaﬂﬂ + 0*F (2.4)
V=Vt (2.5)
V =iy —ix" — 00" A, +i0%0) — i6026X + 16%6°D. (2.6)

For the action to be invariant under supersymmetric transformations the Lagrangian
density should be invariant under action of Q4, Qg , up to a total derivative. This is the
case when the Lagrangian density has the structure:

Y i ay/a- g 1 2 a
L= /d29d29 [@*(e*9=T" V") D] + /d28 [(Z - ié‘;—%) WWE + W (®;)| + h.c.
m

(2.7)

Where V¢ are vector supermultiplets of a gauge group with a coupling constant g,
and a CP violating angle ©, and ®* are chiral superfields in a representations R of the
corresponding gauge group with matrix generators Tl-aj . W2 is the field strength of the
Vector superfield defined as:

1 . 1
Wi=—1DDDV",  Wi=—DDD;V"* (2.8)

« -

Where D, and D, are called chiral derivatives and are defined as:

D, = a%a—i(a“m)aau, (2.9)
D* = iT—i(aW))dau. (2.10)

And W(®;) is the superpotential (Eq. (2.11))), which is an arbitrary holomorphic func-
tion of the chiral superfields invariant under the gauge symmetries of the theory.

1 1

Any radiative contribution to the mass of the components of a chiral supermultiplet,
such as the radiative contribution of the Higgs Boson mass, should have the same form as
the second term of the second integral on Eq. . Using the properties of the Grassman
integrals is possible to demonstrate that any diagram correcting the superpotential neces-
sarily vanishes under the integral sign (See for example tenth chapter of [3]). Therefore
the mass of the Higgs bosons is protected at all orders of perturbation theory in an exact
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SUSY theory.

2.3 Soft SUSY breaking

If Supersymmetry was meant to be an exact Symmetry of nature, any known particle would
have a superpartner with the same mass and quantum numbers, but different spin. This
implies for instance that there should exist a scalar superpartner of the electron (selectron)
with same mass and charge. Since the universe is not flooded in selectrons, it is obvious
that in a reasonable realization of Supersymmetry in nature it has to be broken somehow,
at least at low energy.

To build a realistic model of SUSY we need to include terms in the Lagrangian which
break supersymmetry in a way which do not spoil the good features of the theory, i.e.
the UV insensitivity of the Higgs potential. This is possible if SUSY is spontaneously
broken, that is, if the underlying model is supersymmetric but the vacuum is not. There
are several proposals for mechanisms breaking SUSY at very high scales and producing
an spectrum of particles with masses on the TeV scale. The general idea of them is that
some states break supersymmetry spontaneously at some high energy scale, and this is
communicated by some feeble interaction to the rest of the spectrum that conserves SUSY
by itself. The communication of the SUSY breaking could be mediated by gravitational
interactions [29, 30, B1], 32), 33] 34, 35], heavy gauge mediators [36] [37, 38, 39, 40, 4T], extra
dimensions [42] [43], 26, 44}, [45], 146, 47, 48], 49] anomalies |50, [51] and many more mechanism.
Each model predict some differences in how is the effective SUSY breaking at low energy,
but we can parametrize our ignorance simply introducing effective terms in the potential
that explicitly breaks SUSY.

If broken supersymmetry is still solving the hierarchy problem, the relationship between
dimensionless couplings that hold in unbroken symmetry must be maintained. Therefore
we could only include soft terms, or terms with couplings with mass dimension less than
four [52], 53]. This terms would be of the general form:

1 1 . 1 , o
Loyt = — (§Ma)\“)\“ + Eazjk¢i¢j¢k + §¢i¢j + tngi) + h.c — (mQ);-ng * O, (2.12)

Where A* is the fermionic component of a Vector supermultiplet and ¢; is the complex
scalar component of a chiral supermultiplet. Soft masses for fermions of chiral supermulti-
plets could have been included as well, however this terms can always be reabsorbed into
a redefinition of the superpotential and the rest of the soft terms.

2.4 R-parity

With the structure described in previous sections we should be able to build a model
containing the SM. This is the spirit of the minimal supersymmetric extension of the SM,
the Minimal Supersymmetric Standard Model (MSSM). On it, each of the known particles
lies in a vector or chiral supermultiplet, and thus come with a yet undiscovered superpartner
with spin varying in 1/2. Moreover, any supersymmetric model including the SM needs
at least an extra Higgs chiral supermultiplet in order to give mass to all the particles with
only holomorphic interactions in the superpotential. The extra Higgs supermultiplet is also
needed to cancel gauge anomalies.
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To fit the SM, the form of the gauge sector in is fixed, and the superpotential
should include, at least, the Yukawa interactions between the Higgs supermultiplet and the
rest of chiral superfields. Notice however that accidental symmetries of the SM Lagrangian,
such as Lepton and Baryon number, are no longer necessary symmetries of the Lagrangian.
Therefore, the most general superpotential includes terms of the form:

NijiLiLjé5 + A;jki/ic?jdz + Agjkﬁidjji + 4" LiH,. (2.13)

This terms are clearly problematic. In fact, the simultaneous presence of this terms
would produce interactions which lead to a unacceptable fast decay of the proton. To
avoid this one should impose a discrete symmetry which forbids the presence of this terms.
Or at least enough of them to protect the decay of the proton.

Figure 2.2: In the presence of R-parity violating interactions breaking both lepton and
baryon number, squarks would mediate a rapid proton decay. In this example p — e*7°

One can in principle promote L and B numbers to be true discrete symmetries of the
Lagrangian, instead of just “accidental symmetries”. However, B or L cannot be treated
as fundamental Symmetries of Nature, since they are known to be necessarily violated by
non-perturbative electroweak effects [54]. We can instead impose a new discrete symmetry,
which has the effect of eliminating the L and B violating terms in the renormalizable
superpotential. This symmetry is called R-parity:

Py = (_1)3(B—L)+23 (214)

R-parity is a particular case of R-symmetry. A continuous R-symmetry is a transfor-
mation which acts over the anticomuting coordinates as:

0 — g, 60— e 0 (2.15)

Is straightforward to see that kinetic part of the Lagrangian is automatically R-symmetric
including the gauge interactions with chiral superfields. However, The superpotential must
carry R charge +2 if R-symmetry is to be conserved. R-symmetries do not commute
with supersymmetry, therefore each component of the supermultiplet receives a different
charge assignment. Continuous R-symmetries could be of course restricted to discrete sub-
groups,as is the case with R-parity. Following the definition of , each particle of the
SM receives a charge assignment of P = +1 while its superpartner has charge Pr = —1.

Imposing R-parity has important phenomenological consequences. First, lepton and
Barion number are again accidental symmetries of the Lagrangian. Also, any interaction
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should have and even number of particles with Pr = +1. Therefore, any SUSY particle
have to be pair produced. Moreover, all SUSY particles should decay to another SUSY
particle plus SM particles, thus the lightest particle with P = —1 is stable, normally called
the Lightest Supersymmetric Particle (LSP).

Although R-parity forbids all the renormalizable terms of the superpotential violating B
and L, is true that allows for non-renormalizable terms that could make the proton decay.
For example, R-parity doesn’t forbid operators such as:

1 1
oy uude, Aoy QRAQL (2.16)

R-parity can be replaced by other discrete symmetries which forbids the proton decay.
The Zy and Z3 possibilities has been studied in [55], 56| and the most important cases are
Baryon Triality (Bs) and Proton Exality (Ps), both of them forbid proton decay operators
of dimension five or lower, are anomaly-free and free of domain wall problems. The former
allow for low energy lepton-number violating terms and the second one forbid both B
and L violating terms. Form the point of view of the renormalizable superpotential Py
is equivalent to R-parity, thus we could substitute R-parity by FPs in any further mention
without changing the phenomenological implications. In the case of Bz, both the terms
Aijr and A, are present. Nevertheless stringent experimental constraint exist from the non
observation of low energy processes such as y — ey or neutral meson oscillations [57]. For
a review on R-parity violating models see [58].

2.5 The MSSM

We have already started to describe the characteristics of the MSSM. In this section we will
complete the description of the model and mention some of the limitations that it suffers.
The superpotential of the MSSM is:

Wissu = €ap(Ya, HOQU0S + Yo, HYQUdS + Y., HYLSES + pHGHE).  (2.17)

Where the hatted symbols represent chiral supermultiplets, we take HT = (Hg, H 7 )
HT = (HF, H%), QT = (4, d;), LT = (4, ¢;), a,b are SU(2) indices, and ey = 1.

Besides the Yukawa matrices, which are in general 3x3 matrices, there is one dimension-
full parameter p which plays the role of the supersymmetric version of the Higgs boson mass
in the Standard Model. Any other mass term involving the Higgs doublets is forbidden in
the superpotential because of the holomorphicity of it. Is obvious also why we need two
Higgs doublets, since a term of the form Yy, ﬁsTchzj is forbidden.

Notice that after expanding the superpotential in term of the component fields, we will
not only generate the Yukawa interactions between Higgs bosons and SM fermions, but
also between Higgs fermionic partners (Higgsinos) and SM fermion partners (sfermions),
see Fig. [2.3] The p term will also generate a mass term for Higgsinos. In addition, quartic
interactions between scalars will also be generated, see Fig. 2.3 .

The kinetic part of the Lagrangian is fixed to include the gauge interactions of the
SM. Mind however, that an interaction between the fermion SUSY partner of gauge bosons
(gauginos) and the two components of any chiral multiplet charged under the corresponding
gauge group will be also generated. For example an interaction bino-electron-selectron will
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Figure 2.3: Feynman diagrams originated after expanding the terms I';;;,®;®;®; of the
superpotential in component fields.

be present proportional to the weak hypercharge, see Fig. 2.4l Finally, the kinetic terms
in Eq. (2.7) generate a quartic scalar interaction proportional to the gauge couplings as

shown in Fig. 2.4
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Figure 2.4: Feynman diagrams between gauginos, fermions and sfermions, originated from
the gauge interaction between Vector superfields and chiral superfields.

To complete the description of the MSSM, we need to specify the form of the soft
supersymmetric breaking terms in the Lagrangian. Applying the general form in Eq. (2.12)
to the MSSM content, we get to:

Lg‘ﬁffM: - m% Qa Qa—m~cu u]—m dc dc—mi“L“ L“—mgc e €;

— my, Hy* Hy —m7;, HG*H“—eab(bH3Hd+c.c.)
—  €ab |:(luw Hb Qa uc — Qd,; Hd Qb dc Qe,; Hs Zf,é/; + C.C.:|
1 -~ -~ -~
— 5 (Mg )\3 /\3+M2 )\2 /\2 +M1 )\1 /\1 +C.C.> . (218)
In Eq. - M1, M2 and M3 refer to the soft masses of bino, wino and gluino re-
spectively, m% 2 refers to the soft mass of the scalar partners of SM fermions, and the third

line we see the trilinear couplings between scalar partners in one to one correspondence
with the terms of the superpotential. There is also a coupling between the two Higgs
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doublets in correspondence with the p term. Notice that a linear term as the fourth on
Eq. is forbidden for all the superfields in the MSSM by gauge invariance. The scalar
soft masses m?z are 3 X 3 matrices that can in principle have complex entries, but they
must be hermitian to ensure the Lagrangian is real.

The parameters in the soft SUSY breaking part of the Lagrangian can have in principle
any structure. However, one should think of this terms as the effective remains of some
high energy mechanism breaking SUSY, which in each specific realization of high energy
SUSY could have a different substructure. They predict generically a common energy scale
for the soft parameters ranging from around the TeV scale to tenths of TeV, with some
possible hierarchies, for instance between scalar and fermionic SUSY particles, or between
colored and color neutral particles.

The reader should have in mind also that, even if there is no a priory theoretical restric-
tion to the structure of the soft parameters, there are important experimental restrictions
to the value of them. The inter-generational mixing induced by off diagonal values of

soft mass matrices m% , m? m% and mZ. would mediate rare decays as B — X, or
7

Qi ag;/dg’ Ly
B — pp [59], or p= — e~ [60], for which exist stringent upper bounds.

2.5.1 Electroweak symmetry breaking in the MSSM.

As already discussed, the MSSM needs two Higgs doublets. This change somewhat how
the electroweak symmetry gets broken. Now the classical neutral scalar potential is:

Vit = (|l +m3, ) HY HY + (|| +m3, ) Hy H,

— [bHJH}) + c.c] + é (9 +¢7) (HIHY — HSHS*)z . (2.19)

The b term in the scalar potential is the only one that depends on the phase of H?
and HY therefore we can make them absorb any phase on b, which thus can be taken real
and positive. Moreover, we can use a U(1)y gauge rotation to make both fields real and
positive. Therefore CP cannot be spontaneously broken by the Higgs scalar potential and
can assign the Higgs states to CP-eigenstates:

1

HY = — (HF +wvy,+1 HY) |, 2.20

d \/§< d d d) ( )
1

H, = — (H}+v,+iHy), (2.21)

b V2

In the MSSM the quartic term of the scalar potential is fixed. Thus, for electroweak
symmetry breaking to happen is necessary that the condition on Eq. to be fulfilled.
In order for the potential to be bounded from below, is also necessary the condition in
Eq. . The Higgses develop the VEVs determined by the minimization equations of
the scalar potential.

2b < 2|u> +m3, +mi,. (2.22)

b > (|ul* + mi, ) (|u]® +mi) (2.23)
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After electroweak symmetry breaking, the VEVs generate the mass of the Z° boson as:

2
2 2 2 my
v, +v;=0v" =2
d g2+g/2

~ (174)%. (2.24)

The relative size can in principle take any value, and is typically designated as:
v
tan f = —. (2.25)

Finally, we can write tan 8 and m?% in terms of the parameters of the Lagrangian:

%
in(2 = 2.26
sin(26) my + miy, + 2|uf? (2.26)

m2 2

2 | H, de| 2 2 2

my = —my —my, — 2|u°. 2.27
z [ —sin2(25) Hy Hy |l ( )

Notice here that even if the values of the soft Higgs masses and p are large, they should
cancel each other in order to give the correct mass to the Z° boson.

After EWSB we can calculate the eigenstates of the scalar mass matrix and find the
expression for the mass of the lightest state, which should be identify with the Higgs Boson
discovered with 125 GeV of mass at the LHC:

1
mao = 3 <mio +m% — \/ (m2, —m%)2 + 4mZ2m?, sin2(25)) . (2.28)

Where m 40 is the mass of the pseudoscalar Higgs and has the form m?, = 2b/sin(20).
One can see from Eq. (2.28) that the mass of the lightest Higgs is bounded, at tree level,
to be:

mpo < mz|cos(25)] (2.29)

If the condition Eq. where strong, the mass predicted for the Higgs boson would be
wrong and the fate of the MSSM would be doomed. However, one has to remind that below
the scale where SUSY is again restored, the h" is subject to strong quantum corrections
form the Supersymmetric part of the spectrum. The largest of these contributions comes
from the top scalar partners and can easily lift the mass of h® up to 125 GeV.

2.5.2 The little Hierarchy problem.

We have argue as one of the main justifications to extend the SM to a Supersymmetric
theory that the EWSB scale is quadratically sensitive to the existence if new physics.
However, the careful reader could have realize that an exact SUSY will predict to low
mass for the SM Higgs and needs precisely the strong influence of quantum corrections to
provide enough mass. One can argue then at which extent remains the Electroweak Scale
non-tuned, since it will be the result of the cancellations between soft masses, the pu term
and radiative corrections, all acting above the TeV scale.

A lot of debate has been originated around the so-called “Little Hierarchy Problem”,
and how to define a quantitative measure of the sensitivity of the EW scale to the specific
choice of parameters in the MSSM. This topic is anyhow beyond the scope of this work.
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We recall the reader that SUSY still solves the big Hierarchy Problem, meaning that SUSY
protects the scalar potential form large quantum corrections from a high energy theory.

2.5.3 Beyond the MSSM

In Eq. we have seen that the superpotential includes a dimensionfull parameter pu.
To allow the correct v &~ 174 GeV to be solution of the minimization equations, p must be
roughly 10? or 10* GeV, of the same order as m%; and m#; . But should the reader recall
that while the soft parameters are all of them effectively generated from some mechanisms
acting at high energy, the p parameter is fundamental and there is no reason for it to
be at any specific scale. Why should 4 be small compared to, for instance, the Planck
scale? The scalar potential in the MSSM depends then on dimensionfull parameters that
are conceptually very different, yet they should be of the same order and also not far from
the electroweak scale to produce the correct EWSB. This riddle is called “the p problem”.

There are multiple proposals to solve this problem, all of them assume that the p term
is absent at tree level in the superpotential and is somehow generated effectively. When the
effective p term is generated by a mechanism associated with the supersymmetry breaking
it is no longer fundamentally distinct that the soft terms. And if one can explain why
Mot < Mpianer, the same explanation is valid for the scale of the p term.

One of the most popular solutions is to add a gauge singlet chiral supermultiplet, that
develops a VEV after ESWB. The presence of some adimensional coupling between the
Higgs doublets and the gauge singlets generates an effective p term proportional to its
VEV, which value is to a great extent fixed by the value of the soft terms. The minimal
extension of the MSSM including this idea is the so called Next to Minimal Supersymmetric
Standard Model (NMSSM) P

The MSSM was built to fit the standard model within. As a result of imposing R-parity,
required by he stability of the proton, it predicts the existence of a stable particle. Thus
provides a viable dark matter candidate in the neutralino. It also changes the running of
gauge couplings making them unify. However, it doesn’t provide an explanation for the
origin of neutrino masses. There are other extensions of the SM that provide a mechanism
explaining neutrino physics. In the next chapter we will introduce a model capable of
solving the p problem and explaining neutrino physics at the same time.

2For an extensive review of the NMSSM an its phenomenology see [61].
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CHAPTER 2. SUPERSYMMETRY



Chapter 3

The puvSSM

In the previous chapter we have introduced the concept of supersymmetry and its mini-
mal viable realization, the MSSM. At the end of the chapter we have listed some of the
weaknesses of the MSSM. Now we are going to introduce an extension that solves the enu-
merated problems while retaining the good features of the MSSM. We are going also to
sketch the phenomenology which, as we will see, turns out to be qualitatively different.
The “p form v supersymmetric standard model” (urSSM), introduced and developed
in the works of Refs. [62, [63] 64], extends the MSSM including three generations of right-
handed neutrino superfields. They can, in principle, couple in the superpotential with the
rest of the spectrum in any possible form allowed by gauge invariance, and as we will see,
this provides also a solution to the p problem and generates neutrino masses and mixings.

3.1 The superpotential and soft terms

Given the MSSM particle content with the addition of three generations of right-handed
neutrino superfields (2¢), the most general renormalizable superpotential respecting the

gauge symmetry group of the SM, SU(3)¢ x SU(2)L, x U(1)y, with subscripts C, L and Y’
referring to color, left chirality and weak hypercharge, respectively, can be written as [64]:

PN PN ~ rcb A R
W= ea (Vi B LY + Vit Oas L5 Ql diy + Vi 00 1 Qa5
~chb 2 ~ 1 AC AC A
+ e Yy Ly LT05 + g/fijk Ui vs U (3.1)

where the summation convention is implied on repeated indexes, with o, 5 = 1,2,3 SU(3)¢
indexes, a,b = 1,2 SU(2),, indexes with €4, the totally antisymmetric tensor €15 = 1, and
I =1i,4 (J = j4) with 4,5,k = 1,2,3 the usual family indexes of the SM and with the
vector-like Higgs doublet superfields interpreted as a fourth family of vector-like lepton
superﬁeld Ly = (04,64) = (HY, Hy) = Hy and LS = (é5,05) = (H;, H%) = H,. Notice
that this interpretation is possible in the urSSM because R, is no longer imposed as
a symmetry of the Lagrangian. Consequently all fields in the spectrum with the same
color, electric charge and spin mix together. In particular, Higgses mix with sleptons and
Higgsinos with leptons. From the theoretical viewpoint, this seems to be more satisfactory
than the situation in usual SUSY models, where the Higgses are ‘disconnected’ from the

! An extension of the urSSM by adding to the spectrum of this fourth family a vector-like quark doublet
representation has also been discussed, together with its new signals at the LHC, in Refs. [64] [65].
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rest of the matter and do not have a three-fold replication} As pointed out in Ref. [64], in
this SUSY framework the first scalar particle discovered at the LHC is mainly a sneutrino
belonging to a fourth-family vector-like doublet representation.

We can write the superpotential in the usual notation of the prSSM [62, 63], separating
the Higgs and lepton superfields. Thus we can decompose the terms given by the couplings
Y, Yfék and Yj; in two type of terms: Yukawa couplings generating fermion masses,
and lepton-number violating couplings. This is possible because, as discussed above, the
superfields L; and H; have the same gauge quantum numbers, and therefore L;= LZ, H,.
Thus, we can write superpotential (3.1]) as follows [62] (63]:

W= ey (1@;H;L§?é;+¥ﬂ5aﬁﬂa b+ Y Gap HE QO A§B>
+ € (Az]kL Lb + )‘zgk(gaﬂ La B)
b Ta ~c ~c 1rb fra 1 DEDEDE
+oew <Yi§ B LY 05—\ Hng> + SRS (3.2)

where we have decomposed (in a self-explanatory notation) Yy, — Ay, VS Vi, —

ks Y;J, and Yy; — V;Z, —A;. The dimensionless complex trilinear couplings form a vector

i, the Yukawa matrices Y}, Y5, Y%, V%, and the tensors A, Nijgs Kigk With r totally
symmetnc and Aijr antisymmetric with respect to their first two mdexes

In Eq. | (and . we have defined 1;, dl, Ui, €;, and U d , €5, U5, as the left-chiral
superfields whose fermionic components are the left-handed ﬁelds of the corresponding
quarks, leptons, and antiquarks, antileptons, respectively. For example, the superfield
dy contains the 2-component complex spinor field sy (and the complex scalar field §;),
whereas d§ contains the spinor s°, = (sz)¢ = io2s% (and the scalar §5 = (3z)°), where the
superscripts c and x indicate charge conjugate and complex conjugate, respectively, with
0? the Pauli matrix. Needless to say, the subscripts L and R on the scalar fields refer to
the chirality of the corresponding fermion fields. The superfields ;, dz, and 7;, é; form the
SU(2)., doublets Q; = (i;,d;) and L; = (i;,¢;), respectively, and the others are SU(2),
singlets.

The three terms in the first line of the superpotential in Eq. are the usual Dirac
Yukawa couplings for quarks and leptons of the MSSM. The two terms in the second
line are the conventional trilinear R, couplings. As is well known, if the lepton-number
violating term, /\”kéafgeabL andkﬂv appears together with the baryon number violating

term, )\;/J "‘5'7610 dcﬂﬁk where €7 is the totally antisymmetric tensor €'?® = 1, they could
give rise to experimentally excluded fast proton decay. Nevertheless, as discussed in detail
in Ref. [64], A, can be naturally forbidden, for example through Z3 Baryon-parity or
stringy selection rules. Finally, the three terms in the third line are characteristic of the
prSSM. We will see how they solve the p problem and generate neutrino masses in Sec.
and respectively. We can also see, from the last line in Eq. that is not possible to
assign R-parity charges to U consistently. Nevertheless \; and &;;;, are therefore harmless
with respect to proton decay.

Unlike \; and ki, the couplings A, and X jk are not useful to solve neither the pu
problem nor to generate neutrino masses and mlxmgﬂ which is the only confirmed source

2For alternative constructions with three supersymmetric families of Higgses, see works [66, 67, 68] and
references therein.

3Notice also that the couplings \;;x and X'; ;5 play no role in the minimization, even if they were present
at tree level in the superpotential.
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of new physics). In addition, they are constrained by existing bounds on quadratic coupling
constant products AijxAimn, AijkA,, and A; ]k)‘lmm coming from bounds on rare processes
such as meson oscillations, or flavor violating decays (see Refs. [69] 58|, [70] for reviews).
Thus, in what follows we will neglect them for simplicity in the superpotentia]ﬁ, using:

W= e (Vi H L2+ Y b HG Qi + Y 0 HL Q1 055
- 1
+oew (Yi‘; B L0 — ), ACH”Hd> + SR (3.3)

By the same token, the soft trilinear parameters in Eq. below, will be taken as
vanishing in our computations. Nevertheless, the formulas given in the text and Appendix[A]
include for completeness the contributions from A, X and their corresponding soft
trilinear parameters.

As mentioned before, the presence of the last terms on Eq. break explicitly R-
parity. Nonetheless, in the limit V¥ — 0, 2f can be identified in superpotential of Eq.
as pure singlet superfields without lepton number, similar to the case of the next-to-MSSM,
where one extra singlet is added to the spectrum of the MSSM and R, is not broken. In
this limit R-parity will be restored. In this spirit Y/ are the parameters which determine
the IR, in the superpotential of Eq. . As we Wlll see, the smallness of neutrino masses

require small values for Y}/, and this violation would be therefore small.

Soft terms

Working in the framework of a typical low-energy SUSY, the Lagrangian containing the
soft SUSY-breaking terms related to the superpotential in Eq. (3.2]) is given by:

L= <T H L8, @+ T HE QU & + T HAQU W + .

~ 1o~
€ab (ka Li, sz Gn + T LS L, ?’L JZR + h-C'>

(m2,), @i+ (), yn + () dndon+ (m2,) EiiL

_|_
+
+ (m,%R) Viplir + (mé ) EiRCir + My, Hy H +miyy Hy"H;
+

1
5 (Mggg—i—MQWW—i—MlBOBO—i—h.c.) , (3.4)

where an implicit sum over the (undisplayed) color indexes is assumed in the terms involv-
ing squarks and gluinos. The complex trilinear parameters T}, Tdeu” and TZ';,;\ A are in
correspondence with the trilinear couplings of the superpotentlal The squared sfermion

masses are required to be 3 X 3 hermitian matrices in family space, whereas mpy, , are

4 Altough Aijx and )\gjk will appear through loop processes even if they are not present at tree level, as
shown in Ref. [63]. Nevertheless their contributions are smaller than order 10~°. Obviously, all existing
bounds on quadratic coupling constant products are satisfied, but these contributions are anyway negligible
for studying physical processes. Let us remark that A/ ;1 are generated at one loop through the equation [63]

;t )\ij E = 16# Yu,, 'yL , with 'y = =Y, Ai. However, for A;;; higher order contributions are necessary.

The antisymmetric character under i <+ j of Ajji, makes the one-loop contribution identically zero, as
. H H
can be seen from the fact that the one-loop equation %)\ijk = ﬁ (Yej,c ’yLi‘l +Ye,, 'yL;‘) cannot generate

antisymmetric contributions.
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the real Higgs mass parameters. The parameters Mz, are the (generally complex) Ma-
jorana masses of the 2-component gluino, Wino and Bino fields, and an implicit sum over
the (undisplayed) adjoint representation gauge indexes on the gluino and Wino fields is
assumed.

H,L;
ever, they would contribute to the minimization equations of the left sneutrinos with terms
m? L(Hg) (in the right-hand side of Eq. 1) below), generating VEVs ~ TeV for them.

Soft masses of the type m? H 0‘;*I~/$L +h.c., could have been included in Eq. 1} . How-

TliéLlwould spoil the generalized electroweak-scale seesaw present in the purSSM, where
correct neutrino masses require the VEVs of the left sneutrinos to be small, (7;) < 1074,
driven dynamically by the Yukawa couplings. As we will discuss in Eq. (3.26), these small
VEVs are necessary because neutrino masses acquire a term of the order of (i7;)%/M, with
M ~ gaugino masses. Thus we will assume in what follows that the above soft masses are
not present in our Lagrangian or that they are negligibldﬂ. Notice that a similar destabi-
lization of the left sneutrino VEVs would arise with trilinear parameters 7" ~ TeV. This
can be avoided for example if the T" are proportional to the small Y”, ie. TV = A"Y"
where A, can be ~ TeV.

Both assumptions above about the parameters T and mild ; are reliable. Let us recall
in this sense that strong upper bounds upon the intergenerational scalar mixing exist
(see e.g. Ref. [72]), implying that one can assume that such mixings are negligible, and
therefore that the squared sfermion mass matrices in Eq. are diagonal in the flavor
space. Actually, diagonal squared mass matrices occur in general in supergravity models
when the observable matter fields have a diagonal Kahler metric, such as in several string
compactifications, or when the dilaton field is the source of SUSY breaking (for a review see
Ref. [73]). Also in this case of a diagonal metric, the soft trilinear parameters turn out to
be directly proportional to the couplings present in the superpotential. Even with a general
Kdhler metric, these parameters are already functions of the couplings and their derivatives
with respect to the hidden sector fields. Inspired by this structure of supergravity, and also
by our interpretation of the Higgs H, as a fourth-family slepton L,, we will consider that

2

soft masses of the type m L, Are not present in the Lagrangian, and assume the following

values for soft trilinear parameters:

e __ e e d _ Ad~yd U AU U

Tij - Az‘jy;j ) Tij - Ain;j ) Tij = Ain;j ) (3.5)
|2 v v A A Kk K )

Tij - Az‘jy;j , T = A7 ijk = Aijk/‘%k )
A A Ao AN !

Tijk - Aijkkijk J Tijk - Aijk)‘ijk )

where the summation convention on repeated indexes does not apply for this case.

So far we have discussed the superpotential and the soft terms of the urSSM. As we
will see in section the fifth and sixth terms of the superpotential generate an effective
1 term and Majorana masses for the righ-handed neutrinos respectively after EWSB. In
this way they provide a solution to the p problem and generate the neutrino masses and
mixings anlges. In the next section we will see the structure of the scalar potential and the
characteristic features of the electroweak symmetry breaking in the model.

5 Although they will appear through loop processes even if they are not present at tree level (see e.g.
Ref [71], their contributions are negligible.)
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3.2 The scalar potential and the electroweak symmetry
breaking

The tree-level neutral scalar potential V(© receives the F and D term contributions in
addition to terms from Lgg in Eq. (3.4), and is therefore given by [62, [63]

VO = Vi + Ve + Vi (3.8)
with
Voot = (TZ Hg viL, ;;R - T{\ ViR HgHO + ;T’;k N:RN*R;k:R + h-C->
+ <m%L>il Ui v+ (m3 ) y UiplUiR + deHO*HO +m3 HY HY | (3.9)
Vi = NNHIHY HYHY + NNl HYH Y + NN vlvip Hy HY*

~%  ~x 0% 770%
+ HijkﬁlijiRVlRVkRVmR (ﬁz]k>\ Rl/kRH H Y Hl]szLVlRVkRH

+ YIN D HY HY HS 4 Y N vrlpp HY + hoc.)
-+ Y;ZJ/Y;Z* * ﬂkRHOHO* —|—Y;5Y2k ViLVlLVjRVkR+Y YV*VJLVkLHOHO* (310)
]- ~ o~ * *
Vo= o (9 +97) (Puify + HHY — HIHY)" . (3.11)

The electroweak gauge couplings are estimated at the my scale by e = g sin Oy = ¢’ cos Oyy.

With the choice of CP conservationﬂ, one can define the neutral scalars as

HY = %(H§+vd+in), (3.12)
HY = %(H5+vu+zf1§), (3.13)
Ui = %(ﬁﬁﬁvmﬂ”ﬁ;), (3.14)
Vi, = %(D]}erﬂﬁg), (3.15)

in such a way that after the EWSB they develop the real VEVs

. U () = DB () = UL (3.16)

<Hd> \/5 ) <H3> = E ) \/§ ) \/§

The eight minimization conditions with respect to vy, vy, v;r, v;r, can then be written as

1 1 1
m%{d = —g (92 + 9/2) (Uz‘LUiL + Ug - UZ) - *)\i)\jUiR'UjR — 5)\1)\11)5
1 1 V2
+v;p tan g (\/iTZ)\ + 2/\j/<al-jkvk3) + ng2 (/\kUkRU]R + Ajv ) — Td‘/;)(:)@.l?)

6The urSSM with spontaneous CP violation was studied in Ref. [74].
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1 1 1
My, = g (92 + 9'2) (Uz‘LviL +vf — Ug) - *)"/\ jViRVjR — 5/\j/\jv621

+\; Y SUiLVd — Y Ylkkav]R Y ijszvkL

ViR 1. Vil v
Ly e, B - Y
+tanﬁ <\/§ i 5 ]Hzgkka> v (\f ViR + fiz;kleUk:R)
2
_KVU(ZL) 7 (3.18)
Uy
2 1 K 1 2, .2
(m;R)ijij = \/§ ( T iUj LUy + T VuVd — TiijijkR) - *)\z’)\j (Uu + Ud) ViR + )\j/ﬁijkvdvuka
—KlimKljkUmRVjRVKR + 2 Y AkvjLVkRVA + ij)\ VaURLVjR — YL RikiVuVjLVIR
QY}zYkUjLUlLUkR - §Ykl§Ykl}UuUjR - vV, (3.19)
1
(m%L)ijij = —g (92 + 9/2) (’UijjL + ’UCQl — ’UZ) Vi, — \/§T iVuVjR + Y )\kvdeRUkR

1 1 1
+5 YA vwva = SV kurowvirver — S YEYikuwvirver — 5 YiYjvgvis

AR (3.20)
where tan § = oy v = oV [0z with © = vy, vy, Vig, vi, and V™ represents the
n-loop radiative correction to the potential, V = V© 4 1/(?)

The scale at which the EWSB conditions are imposed is Mgwsp = /mjm;, , where
my, and mg, correspond to the lightest and heaviest stop mass eigenvalues, respectively,
measured at Mgwgp.

From Eq. we can see that in the limit of ¥;7 — 0 the VEVs of the left sneutrinos
vanish. However, in the case of Eq. the limit of R-parity conservation does not imply
vanishing of the right sneutrinos VEVs. Then is natural to expect that the value of v;p is
of the order of Mgy sp while the value of v;;, is suppressed.

After the successful EWSB, several effective couplings are generated thanks to the VEVs
of the neutral scalars. The 5 term in the superpotential of Eq. (3.3)), together with the
VEVs of the right sneutrinos generate an effective coupling between both Higgs superfields:

ViR

Yk 1 Tev, 3.21
V2 (3:21)
pet = R (3.22)

V2

This solves p problem of the MSSM [75]. In the purSSM superpotential, the p term
is absent, as well as Majorana masses for neutrinos. This can be obtained invoking a Z3
symmetry as in the case of the NMSSM, which implies that only trilinear terms are allowed.
Actually, this is what one would expect from a high-energy theory where the low-energy
modes should be massless and the massive modes of the order of the high-energy scale. As
pointed out in Ref. [64], this is precisely the situation in string constructions, where the
massive modes have huge masses of the order of the string scale and the massless ones have
only trilinear terms at the renormalizable level. Thus one ends up with an accidental Z3
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symmetry in the low-energy theory.
Besides the usual Dirac masses, the presence of Yukawa interaction between up-type
Higgs superfield and neutrinos, generates a Dirac mass for them:

(3.23)

T Uy,
(meD )ij - ng E

In addition, the 6 term in the superpotential generates effective Majorana masses for
the right-handed neutrinos

(M), = Q%kﬁ : (3.24)
As a consequence, we can implement naturally a (generalized) electroweak-scale seesaw
in the pvSSM, asking for neutrino Yukawa couplings of the order of the electron Yukawa
coupling or smaller (see the first two terms of Egs. (3.33)) and (3.35)) below) [62, 63, [76, [77,
74, [78):

VY <107, (3.25)

This generates Dirac masses for neutrinos of the order of (m%f)ij < 107* GeV, and
therefore no ‘ad hoc’ high-energy scales (larger than a TeV) are necessary to reproduce
experimentally consistent neutrino masses.

It is worth reminding that the VEVs of the left sneutrinos are much smaller than the

other VEVs in Eq. (3.16)), and we can estimate their values as v;;, < mS¥ [62], thus:

UL 4
< 107° GeV . 3.26
or (520

This result allows that the generalized seesaw of the puSSM, which include the neutralinos,
works properly, since the third term ~ v? /M in Egs. and below, will be of
the same order as the first two.

Finally, the 4" term in the superpotential of Eq. generates effective bilinear I,
couplings y

eff v YR

& =Y ok (3.27)
as those constituting the bilinear R-parity violating model (BRpV, see Ref. [58] for a
review).

Recapitulating, the superpotential of Eq. serves both the purposes of solving the
1 problem and generating non-zero neutrino masses and mixing solving the v problem. As
a consequence of the new terms introduced in the superpotential to solve these challenges,
R, is explicitly broken with its breaking controlled by the small Yukawa couplings for
neutrinos, i.e. R, is restored for Y;X — 0.

A detailed analysis of the parameter space of the prSSM was carried out in Ref. [63],
finding the regions where a successful spontaneous breaking of the electroweak symme-
try happens avoiding the presence of false minima and tachyons, as well as fulfilling the
constraints on Landau Poles.

Let us remark that since only dimensionless trilinear couplings are present in the su-
perpotential of Eq. , the EWSB is determined by the soft SUSY-breaking terms of the
scalar potential. Thus all known particle physics phenomenology can be reproduced in the
uvSSM with one scale, the about 1 TeV scale of the soft terms, avoiding the introduction
of ‘ad-hoc’ high-energy scales. Upon EWSB, not only Higgses but also left and right sneu-
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trinos acquire VEVs as discussed above and, as we will review in Section [3.3 fields with
the same color, electric charge and spin mix giving rise to a rich phenomenology.

3.3 The spectrum of the model

Similar to the MSSM, where the couplings and Higgs VEVs determine the mixing of Bino,
Wino and Higgsinos, producing the four neutralino states, the new couplings and sneutrino
VEVs in the prSSM induce new mixing of states [62] 63]. Summarizing, in the colorless sec-
tor, there are ten neutral fermions (neutralinos-neutrinos), five charged fermions (charginos-
leptons), eight neutral scalars and seven neutral pseudoscalars (Higgses-sneutrinos), and
seven charged scalars (charged Higgses-sleptons). The associated mass matrices were stud-
ied in detail in Ref. [63]. The reader can consult the full form in Appendix [A] with the
convention of using for the eigenstates the names of the detected particles: neutrinos,
leptons, Higgses.

Concerning the neutral scalars, the right and left sneutrino VEVs lead to mixing of the
neutral Higgses with the sneutrinos in the scalar potential, giving rise to the 8 x 8 (‘Higgs’)
mass matrices for scalar and pseudoscalar states. They are written (before and) after
replacing the values of the soft masses with the corresponding VEVs obtained through
the minimization conditions of Egs. —, assuming that the sfermion soft mass
matrices are diagonal in flavor space, as discussed above Eq. . Note that after rotating
away the pseudoscalar would be Goldstone boson, we are left with seven pseudoscalar
states. It is also worth noticing here that the 5 x5 Higgs-right sneutrino submatrix is almost
decoupled from the 3 x 3 left sneutrino submatrix, since the mixing occurs through terms
proportional to Y7 or vz, (see Egs. (A.9)-(A.11)) and (A.25)-(A.27)), and these quantities are
very small in order to satisfy neutrino data, as shown in Eqs. (3.25]) and (3.26)). Besides, the
former 5x 5 submatrix is of the NMSSM type, apart from the small corrections proportional
to Y} (and the fact that in the NMSSM there is only one singlet).

Charged Higgs states mix with right and left sleptons to form the 8 x 8 (‘charged
Higgs’) mass matrix. Similar to the neutral scalar mass matrices where some sectors are
decoupled, the 2 x 2 charged Higgs submatrix is decoupled from the 6 x 6 slepton submatrix
(see Egs. (A.38)-(A.41)). In addition, the right sleptons are decoupled from the left ones
as can be seen in Eq. , since the mixing terms are suppressed by the electron-type
Yukawa couplings or v;r,.

The squark mass matrices, also written in Appendix . When compared to the MSSM /
NMSSM case, they maintain their structure essentially unaffected, provided that one uses
the effective u term of Eq. , and neglects the terms proportional to Y}, v, and \j;;.

The neutral fermion (‘neutrino’) mass matrix includes the neutral gauginos, the Higgsi-
nos, left-handed neutrinos and right-handed neutrinos. It presents a seesaw-like structure
with the left-handed neutrinos on the one side and the rest of neutralinos, with masses
around the EWSB scale on the other side, and Dirac masses of the order of the Eq. .
This sector will be discussed below in the context of neutrino physics, since it is crucial for
determining neutrinos masses and mixing.

Concerning the charged fermions, the MSSM charginos mix with the leptons in the
uvSSM giving rise to the 5 x 5 (‘lepton’) mass matrix shown in Appendix |A] Nevertheless,
the 2 x 2 chargino submatrix is basically decoupled from the 3 x 3 lepton submatrix (see
Eq. where the off-diagonal entries are suppressed by Y, Y%, v;1). The former is like

ijr Lig
the one of the MSSM/NMSSM provided that one uses the effective 1 term of Eq. (3.22)).
Finally, down- and up-quark mass matrices are also given in Appendix [A]
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3.4 Higgs sector

In the previous section we have sketch the structure of the scalar sector of the prSSM.
There we have mentioned that the left sneutrinos are in practice decoupled from the rest
of the mass matrix, leaving a structure for the Higgs sector similar to the NMSSM. Note
however that the right sneutrino-Higgs sector in the uSSM is extended with two additional
scalar singlets with respect to the NMSSM. Thus some differences might appear. This has
been analyzed in detail in [79].

The mixing between the Higgs states and the right handed neutrinos, Eq. and
Eq. (A.4), is in general large, but can be suppressed with the condition (see [79]):

21 2
A, = — 23 ks 3.28
A sin28 A\ T kA (3.28)
2 E c

for the CP-even and CP-odd sectors, respectively. This conditions can be applied to obtain
very light pure singlet scalars, or to make the lightest Higgs-like scalar as heavy as possible.
Scenario which produces an upper bound similar to the one of the NMSSM [79], which can
reach the 125 GeV even at tree level, for small values of tan 8 [80] :

2\ cos? 6
(mye) < M (COS2 26 + w sin? 26) : (3.30)
92
The presence of multiple scalar singlets in the spectrum can also affect the Higgs decay
phenomenology. As studied in Ref. [79], the coupling Higgs-singlet-singlet could lead to
longer decay chains, when kinematically accessible, like

M 5 201, BSM = 2Tp — AT p. (3.31)

This scalars will eventually decay to fermions, causing multilepton or multijets signals
in the decay of the Higgs boson. The presence of light right-handed neutrinos can affect as
well the decay chain

hSM — 2URVR — 21/2;1}3. (332)

This sequence will now produce a multijet or multilepton signal with the addition of
missing energy.

On top of that, some of these decays can be suppressed enough to make the proper
decay length of the particles involved comparable to the size of the detector, thus producing
displaced vertices in the decay of the Higgs bosons. This possibility, with the light singlets
decaying to 7 leptons has been studied in Ref. [§]].

3.5 Neutrino physics
Concerning the neutral fermions, we have already discussed in Subsection [3.2]that effective

Majorana masses for right-handed neutrinos of the order of the EWSB scale are dynamically
generated in the purSSM (see Eq. (3.24))). In addition, the MSSM neutralinos mix with the
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left- and right-handed neutrinos giving rise to the 10 x 10 neutral fermion (‘neutrino’)
mass matrix shown in Eq. . Notice that the structure of this matrix is that of a
generalized electroweak-scale seesaw, since it involves not only the right-handed neutrinos
but also the neutralinos. Because of this structure, data on neutrino physics [82] R3] [84]
can easily be reproduced at tree level [62, 63, [76, [77, [74] [78], even with diagonal Yukawa
couplings [76, [74], i.e. ;7 =Y;” and vanishing otherwise.

Qualitatively, we can understand this in the following way. First of all, the three
neutrino masses are going to be very small since the entries of the first three rows (and
columns) of the matrix of Eq. are much smaller than the rest of the entries. Notice
in this sense that the latter are of the order of the electroweak scale, whereas the former
are of the order of the Dirac masses for neutrinos (see (Eq. (3.23))) [62, 63]. Second, from
this matrix one can obtain a simplified formula for the effective mixing mass matrix of the
light neutrinos [74]:

Y'Y v? U 1 v (Vv + Y v Y'Y v?
(miﬂ)z‘j ~ iy u(l i 35”) i ViLY;5L B d( i YL J L) + Jj vd 7
6v2kvR AMeE 4 )feft 3\ 9\2
(3.33)
with
v? VyUg AU
M= M — 2kv% 5 4 —) , 3.34
2v/2 (kv + Av,vg) 3Avg ( Roy2 2 (3:34)
where M = %. Here is assumed \; = A, v;r = vg, and ky; = Kk; = k and

vanishing otherwise. Also diagonal Yukawa couplings are considered Y;! = Y. Using
this approximate formula it is easy to understand how diagonal Yukawas can give rise to
off-diagonal entries in the mass matrix. The key point are clearly the extra contributions
given by the terms which are not proportional to d;; (all of them except the second one in
Eq. ) with respect to the ordinary seesaw, where they are absent.

It is worth noticing that the first term (and the second) in Eq. is generated
through the mixing of left-handed neutrinos v, with right-handed neutrinos vg-Higgsinos.
The rest of the terms also include the gaugino mixing. Let us also remark, that the last two
terms in brackets are proportional to v,, and therefore negligible in the limit of large or even
moderate tan 8 provided that A is not too small. Concerning Eq. , the first term is
also negligible in this limit, and for typical values of the parameters involved in the seesaw
also the second one, i.e. M ~ M. Under this assumption, the third term in Eq. is
generated only through the mixing of left-handed neutrinos with gauginos. Therefore, we
get a very simple formula that can be used to understand the seesaw mechanism in this
model in a qualitative way, that is

YVYV?
( eff) 1 7] U
v 6\/§m}R

As we can understand from the above discussion, neutrino physics in the urSSM is
closely related to the parameters and VEVs of the model, since the values chosen for them
must reproduce current data on neutrino masses and mixing angles. For example, for the

typical values of the parameters and VEVs in Egs. (3.21)), (3.25)) and (3.26]), neutrino masses

< 0.1 eV as expected, can easily be reproduced.

a5 _'UiLUjL
(1 352) A (3.35)

Let us finally point out that all these arguments explained here give a kind of answer
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to the question, why the mixing angles are so different in the quark and lepton sectors?
From the prSSM viewpoint, because no generalized seesaw exists for the quarks.

3.6 Dark Matter in the purSSM

As explained before, R-parity is not a symmetry of the urSSM superpotential. Thus the
LSP is not stable. Neutralinos or sneutrinos, with very short lifetimes, can no longer be dark
matter candidates. Nonetheless, the gravitino can still be a viable DM candidate [85],86]. If
the Gravitino is the LSP, its decay width would be suppressed by the inverse of the Planck
mass and by the IR, parameters. Leading to a Gravitino lifetime larger than the age of the
Universe. Searches for prSSM gravitino dark matter in Fermi-LAT data through gamma-
ray lines have been carried out in Refs. [87, 88|, 89, [90], obtaining stringent constraints on
the gravitino mass and the lifetime.

It is worth noticing that when the gravitino is assumed to be the LSP, the lightest
particle of the remaining SUSY spectrum would in fact be the next-to-LSP (NLSP). Nev-
ertheless, the analysis of their phenomenology at the LHC is not altered, since they also
decay into ordinary particles using the same channels as if they were the LSP. For in-
stance, as shown in [79], the decay of a neutralino through the channel Y° — W35y, can
be estimated as:

10 KeV 50 GeV

And one can easily see that the partial width to gravitinos is small provided that the
gravitino mass is not much smaller than 10 KeV. One can see for example that for a 100
GeV neutralino, the decay width would be comparable to the ones to SM particles, with
decay lengths from mm-m, only if the Gravitino mass is below the KeV scale.

Concerning other cosmological issues in the urSSM, in Ref. [91] the generation of the
baryon asymmetry of the universe was analyzed in the model, with the interesting result
that electroweak baryogenesis can be realized.

3/2 mszp \2 [ M -
er®}? ~ 80 km ( ) . (3.36)

3.7 The purvSSM with one generation of right-handed
neutrinos

The prSSM as is presented in [62], 63] includes three generations of right-handed neutrino
superfields 2¢. These superfields, as explained in previous sections, couple with the Higgs
doublets to generate an effective p term after EWSB, and couple in a Yukawa term with
left handed neutrino superfields to generate neutrino masses.

For both mechanisms to work is sufficient to include only one generation of 7¢. In
this case, the generation of the effective u-term comes from a single right sneutrino. The
generated neutrino seesaw is only capable to produce mass for one of the neutrinos, while
the two remaining neutrinos receive the mass radiatively. This is obvious if one realizes
that the three rows in the neutral fermion mass matrix corresponding to the neutrinos are
equal at tree level, thus the mass matrix has two zero eigenvalues. This possibility has
been studied in the work [77].

This possibility is equivalent to take the limit in the three generation case where \; =
)\52‘1, Y;? = Y;V(Sjl, Rijk = m51151j51k, TiA = T)‘(&l, ,_TZI; = ﬂyéjl and Tl’;k = TH(SMCSU(;UC.

Obviously there would be only one relevant right sneutrino VEV, labeled as vg. The
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phenomenology is similar to the three generation case regarding the Higgs physics and the
collider signatures, provided one considers a value of vg large enough to maintain the same
tefs. However, the reduction of the model has bigger consequences regarding neutrino
physics. As mentioned, only one family of neutrinos get masses at tree level, which can be
calculated [92] as:

B e
with
Myg=M [1 . v (n 2 0% lw)} , (3.38)
V2M (K v% 4 Avguy) Avg v? 4
where v? = v2 + v2, and Y ,
% = gM + ]\’}—2 . (3.39)

Notice that we can simplify Eq. taking into account that the second term is
proportional to vy, and therefore considering it negligible in the limit of large or even
moderate tan = v, /vy provided that A is not too small. In Eq. , the second term is
also negligible in this limit, and for typical values of the parameters involved in the seesaw
also the third one, i.e. M.z ~ M. Under these assumptions, the first term in Eq. is
generated only through the mixing of left-handed neutrinos with gauginos, and we arrive
to the approximate formula:

2
i

v
m, ~ Z 7 (3.40)

3.8 Previous collider studies

The presence of R-parity breaking interactions in the purSSM produces a rich phenomenol-
ogy in contrast to the R-parity conserving models, generically characterized by signals
including a large amount of missing transverse energy. Moreover, the smallness of the R,
interactions, directly related to the smallness of neutrino mass scale, could produce the
unusual scenario of displaced vertices. In addition, the presence of light singlets could
complicate the decay chains of the particles, making the collider phenomenology even more
diverse.

The collider phenomenology has already started to be studied. The novel Higgs decays
in the urSSM, as mentioned in Sec. were studied in [79)], as well as the decays of the
heavy Higgs. When the lightest neutralinos are lighter than the heavy CP-even Higgs in
the puvSSM, the decays H — x°x° are kinetically accessible and can produce distinctive
signals such as H — 2b202v or even H — 4b4b2v. In some cases also produced at displaced
vertices. If all neutralinos are heavier, the decays to lighter scalar singlets could produce
signals with high multiplicity of b-quarks such as H — 2b2b and H — 4b4b. Finally, if
the light scalar singlets are light enough, the decay vz — bb is kinematically forbidden and
decays as H — 2727 and H — 4747 are possible. This gives an idea of the characteristic
cascades expected in the production of Higgs bosons.
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7, decay

4 displaced leptons/7-jets/jets/photons+ £

4 leptons/T-jets/jets/photons

W= decay

prompt lepton/7-jet+
2 displaced leptons/T-jets/jets/photons+Ep

Table 3.1: Non-standard decays studied in Ref. [93].

Already mentioned before is the work of Ref. [8I], where the authors analyze the de-
tection possibilities of the Higgs Boson decaying to a pair of neutralinos that eventually
decay to v77T, with a significant proper decay length. They found that ATLAS and CMS
can detect this kind of signature either by looking to multilepton events produced in the
SUSY cascade decay chain, when relaxing the requirement for the leptons to come from the
primary vertex, or searching for tracks not-pointing back to the primary vertex. In both
cases having a moderately high missing transverse energy due to multiple neutrinos.

Finally, the effect of very light scalar singlets or right-handed neutrinos on the decay
pattern of electroweak gauge bosons has been studied in [93]. The non-standard decays
W+ — lug, Z° — vgrg and Z° — gig, lead to the signatures shown in Table [3.1]

These decay channels are constrained by the measured value of the total gauge boson
widths, also by the invisible decay width when the right-handed neutrinos decay outside
the detector, and constrained by the measured partial width to 4 prompt leptons.

In that work, the authors find regions in the parameter space where the new decays are
below the experimental limit. Moreover, they find that the small partial width into these
unusual channel makes this signal to be beyond the sensitivity of the LHC, even at High
Luminosity phase. They find however, that the future linear colliders could have enough
sensitivity to see them.

The work of Ref. [77] makes a thorough study of the phenomenological implications at
colliders of the urSSM focusing on the scenario of a neutralino LSP, studying the possible
decay channels and the proper decay length in correlation with neutrino properties. They
also study the implication of the presence of multiple singlet superfields in the model. In
that work the authors also discuss the possible differences in collider phenomenology of the
model with respect to other R-parity breaking schemes.

In this chapter we have presented the structure of the uSSM and summarize the results
of the previous phenomenological analysis of the model. In the next chapters we will analyze
new interesting scenarios of the model that had not been studied yet, such as the signals
predicted at hadron colliders when the left sneutrino (bino) is the LSP.
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Chapter 4

The left sneutrino as LSP

The present chapter, based in the work developed in Ref. [94] analyses the main phe-
nomenological aspects if the left sneutrino as the LSP in the context of the urSSM.

The left-handed lepton fermion SU(2) doublet (L¢), has a supersymmetric counterpart
formed by the left slepton and the left sneutrino, constituting the left lepton superfield I:f
Before electroweak symmetry breaking, as both scalars belong to the same doublet, they
receive the same contributions to the mass, coming from the soft SUSY breaking lepton
mass m%. After EWSB the left sleptons receive an extra contribution to the mass as we
will see later. Therefore, is a common feature in all supersymmetric models that the left
slepton mass is always larger than the left sneutrino mass. Thus, whenever the mechanism
generating the soft SUSY breaking masses at low energy causes m% to be small, the left
sneutrino will always be the LSP.

In models with R-parity conservation there are three neutral stable particles that could
be thereupon DM candidates: the lightest sneutrino, the lightest neutralino and the grav-
itino. The scenario of a left sneutrino reproducing the dark matter density of the universe
has been largely ruled out by direct searches [95] [96] 97, [98]. Accordingly, typical collider
studies of the left sneutrino assume that it decays involving somehow the neutral fermionic
LSP. On the contrary, the collider studies assuming RPV through the trilinear couplings
described in Eq. typically assume a rather simple phenomenology, mediated by a
particular coupling. In comparison, the decays of the sneutrino in the prSSM can be much
richer.

Unlike R-parity conserving SUSY models, the scalar sector of the prSSM mixes every
spin-0 neutral particle. Neutral Higgs states, the left sneutrinos and right sneutrinos mix in
a single mass matrix. With the assumption of CP-conservation, that means eight scalars on
each sector. The large number of scalar states and the amount of parameters controlling the
mass matrices could lead us to the misconception that we could choose the parameters to
get any desired structure form the mass matrix. On the contrary, as we will see during the
present chapter, the influence of the input parameters over a number of phenomenological
observables sets tight constraints to the possible structures of the scalar mass matrix.

4.1 Left sneutrino mass

The full form of the scalar mass matrices can be consulted in Appendix [A] Here one could
notice that all the off-diagonal elements involving the left sneutrino (m%m() are proportional
to either v;;, or to Y”. Given the v;;, dependence shown in Sec. [3.2] is straightforward to
see that in the limit of V¥ < 1 the left sneutrino decouples from the rest of the scalar

35
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states. On the other hand the right-sneutrino sector mixing with the Higgs sector is not
necessarily small. This could be the case when the large value of A is utilized to contribute
to the tree-level mass of the light Higgs Boson.

As explained in Sec. [3.1] the lepton doublet soft SUSY breaking mass should be di-
agonal, therefore also the off-diagonal elements of the left sneutrino matrix vanish in the
limit of R-parity conservation. Since the mass sub-matrix for left sneutrinos is effectively
decoupled and diagonal, the mass corresponding to the physical left sneutrino state can
be well approximated by the value of the diagonal mass entry corresponding to the left

sneutrino flavor state (m2 - ):
iLViL

1
g(g2 + ¢%) (verver + V5 — v2)0y5

1 1
+5YiVjivs + SYiYjivervin (4.1)

1
m§72~f/z = <m%L> + Z(gz + QIQ)UZ'LUJ‘L +
ij

iL jL

After electroweak symmetry breaking the value of v;; is fixed by the minimization
equations of the scalar potential, therefore this VEVs are not independent parameters
and its value should be read form the solutions of Eqgs. (3.17))-(3.20). However, from a

phenomenological perspective results useful to consider the left sneutrino VEV as a input
parameter and fix (m% ) to the value required to make the corresponding v;;, a minimum
L l]

of the scalar potential, roughly:

mi %(9 +9%) (v —v§)+};?} ( V2AY — kug + /\UR>, (4.2)

ot UiL an f3

With this strategy one can trade the soft mass by its value form the minimization
equations on the expression [4.1}

1 .
1%
SYi Y vkruir + — T v, VkR

2 vjL {_ﬁ ’

v 2 v 2 v
+5 Vi (MvavkrviR + Aty = KimUuVirUmr = Y UmnVy = Yivm L Virvkr)

1 1
7711277z~7a = 1(92 + 9/ )UzLUJL +3 2 zzyk Uy T

(4.3)

As can be seen in the appendix, the difference between the scalar and pseudoscalar
left sneutrino mass entries are just a term proportional to v;;,. This term comes form the
D-term contributions to the scalar potential originated by the U(1)y and SU(2). vector
superfields:

1
Moz = m'zz}’RERL 2 (9* + 9”) virviL (4.4)

Following the discussion in Sec. is straightforward to see that this term is negligible.
Therefore we can consider that, when they are sufficiently light, both behave as the LSP.
For this reason we are going to refer to them as co-LSP.

From Eq. we can retain only the dominant terms, which go with the smaller powers
of Y and vy, to arrive to a simpler expression for the left sneutrino mass:
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Yv A
m%_z R Uy ( \/_AV — KUR + ff;) (45)

iLV5L 2v; L

At first glance one can see that unless tan 5 ~ 1 and « is not larger than A, the value
of the trilinear soft neutrino coupling A" is restricted to negative values, otherwise the left
sneutrino will have a negative mass. Even if in some cases A” could be positive, its value
can not be large.

As has been discussed in section ref, the value of v;;, has to be roughly Y"v, to predict
the correct neutrino physics in most of the parameter space, this makes obvious that the
fraction in front of is of order one. Also, vy is naturally on the order of the TeV,
as explained in Sec. 3.2l Evidently, if A" is just around a common SUSY scale in the
ballpark of the TeV, the mass of the left sneutrino would be dominated by this term and
would typically be slightly below the TeV. If A” is however of the order of —100 GeV, the
cancellation of this term with the second could easily make the left sneutrino relatively
light, for a moderated to large value for tan (.

From a theoretical point of view this means that the mechanism breaking SUSY at high
energy needs to produce a low-energy set of soft parameters on the TeV scale, with the
exception of my and A", which should be of the order of 100 GeV. Once this is true, the
minimization equations fix the correct values for the VEV’s.

Equation is to be understood as a tree-level approximation. Even in the case of
universal values for the input parameters of each generation, the mass states would not
be exactly degenerate, it will be broken by the effect of the different Yukawa couplings
with the H; doublet through radiative contributions to the mass matrix. In any case this
difference is going to be negligible.

When a left sneutrino is the LSP, is natural to have a left slepton as the NLSP. As can
be seen in Appendix [A] the mixing between charged Higgs and sleptons is feeble and vanish
in the limit of R-parity conservation, analogously to the left sneutrinos. Also the mixing
between left and right sleptons, proportional to the lepton Yukawa coupling, is not large.
Altogether the left slepton physical mass is going to be very close to the diagonal mass
entry:

1 g2 2
maLg;L = ml%%g]RL — 1(92 + QIQ)UiLUjL + Z(Uz — Uz — UkLUkL)(Sij + ZUiLUjL
2 le;Yk Uy + 2 ’L?le d (46>

Therefore, the difference in mass between left sleptons and neutrinos is mainly coming
form the D-term contribution g— (v —v2) ~ —m3, cos283. The previous result is natural
from a theoretical point of VleW since both belong to the same SU(2) doublet. May the
reader notice also that this contribution can only be negative for very small values of tan 3.

Summarizing, we have shown that is viable to obtain in the spectrum of the urSSM
left sneutrinos as LSPs. They can in principle belong to any of the three families of the
SM, and if the value of mg. and A" is universal, the three of them could be co-LSPs. The
phenomenological implications of the dominant flavor of the LSP are nevertheless of great
importance, since the decay modes of the third family of left-sneutrinos are different with
respect of the first two. In addition, the left slepton is slightly heavier and naturally the
NLSP.
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4.2 Production at colliders

It is usual in phenomenological studies of R-parity violating models to consider the single
production of the considered SUSY particle through some of the usual R-parity violating
trilinear couplings described in Sec. 3.1, When the appropriate ). are allowed is possible
the direct production of a single sneutrino at lepton colliders. And when the proper )\gjk
couplings are allowed, is possible to produce them also Hadron colliders. In the urSSM
however, this terms ere effectively generated as described in Sec. and small, therefore
they are ineffective to generate processed at colliders.

The left sneutrino can be generated however in pairs, through the Drell-Yann process
mediated by a Z boson. This is possible both in Hadron and electron-positron colliders, and
has been studied for R-parity conserving models (see for example [99] 100} 10T, 102], 103,
104]). Moreover, since the mass gap between the left sneutrinos and sleptons is tight, the
production of left sleptons pairs is also a source of sneutrino pairs through the production of
Drell-Yann processes mediated by Z and v with the subsequent decay to sneutrinos and an
off-shell W=*. Also the production of sneutrino-slepton, mediated by a W+ in the s-channel,
would be an important source of sneutrino pairs. The first generation of left sneutrinos
could in principle also be generated at electron-positron colliders through a diagram with a
chargino in the t-channel. However this diagram is irrelevant if the chargino is sufficiently
decoupled.

We will elaborate more on the production of the left sneutrino at colliders during the
chapters [5] and [0, where we discuss the possible detection of the sneutrino at the LHC.

4.3 Decay of the Left sneutrino

In R-parity conserving supersymmetric models the LSP is bounded to be stable. In the
uvSSM however, R-parity is broken and the LSP decays. In addition, as has been already
pointed out, in the urSSM the rupture of the discreet symmetry is small, thus any decay
that would violate an exact R-parity is strongly suppressed in comparison with the other
available decays. The result is that all the particle spectrum decays through R-parity
conserving decays whenever kinematically accessible. The decay chain will eventually end
up producing the LSP, which would decay through some of the available R-parity violating
decays. This makes crucial the decay pattern of the LSP, since would dictate the signals
expected from the production and decay of any of the heavier SUSY particles.

The relevant interactions of the left sneutrino are given in App.[B] Although the number
of terms in the expressions is large, only some of them are typically of relevance, and we will
discuss some approximations that make possible to express the most relevant contributions
in terms of the parameters of the Lagrangian.

In the notation of App. ZH represents the I-th composition in the flavor basis de-
fined on App. [A] for the i-th scalar mass eigenstate. For instance, if the lightest scalar,
after the SM higgs, were a pure left electron sneutrino, Z will be one if [ = 6 and zero
otherwise. Since the left sneutrinos are almost pure, if we want to identify the dominant
terms on Eq. (B]), we retain only the terms with 1 equal 4+n (6+n) when using one (three)
generation of right handed neutrinos, and i equal 1 (2) if the sneutrino is lighter (heavier)
than the Higgs boson, being n € 1,3 corresponding to the lepton families. However, is
straightforward to see that there is no term proportional to this mixing matrix entry, and
the dominant values of the mixing matrices corresponding to SM fermions, like for example
Ul 11 and Uf 4, for the coupling with electrons.
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This is coherent with the fact that there is no term in the Lagrangian coupling the
left sneutrino and SM fermions, breaking R-parity. There exist however in the scalar
potential, after EWSB, terms of the form left sneutrino-Higgs bosons-Higgs boson. Which
are proportional either to Y” or vy.

The next dominant contributions to the interaction between the left sneutrino and SM
particles would involve terms where at most one of the matrix entries does not correspond
to the dominant flavor composition. One can understand diagrammatically this interaction
as Feynman diagrams with one mass insertion in one of the external legs, as can be seen
in Figs. and 4.2l Notice that none of the mixings between SM particles and SUSY
particles is large, but since all of the decays have to proceed through these small mixings,
every channel is a priory relevant.

4.3.1 Decay into quarks

There is no fermions charged under SU(3) in the supersymmetric part of the spectrum,
with whom the quarks could mix. Therefore the decay to quarks can only proceed through
left sneutrino-Higgs mixing (252 /1).

In the previous section we have justified the smallness of the left sneutrino flavor com-
position of the Higgs boson, yet the singlet composition of it is not necessarily small.
Notice nevertheless the constraints to a large singlet composition coming from Higgs signal
strengths measured at the LHC. Therefore, we will assume in the following a small value
of the singlet composition of the Higgs bosons. This is in most regions of parameter space

achievable, as explained in Sec. [3.4]
Using the mass insertion approximation on Fig. [£.1] the value of this mixing would be:

2 2
m4 g~ . me o~
H . HFUF . HROR A HIVT
22,1 S VIEE Z2,2 SV Zz,1 ~ M2 (4.7)
H h A

However, the mass of the LSP could easily be to close to the mass of the Higgs Boson,
making this simplification not valid. Instead we can get to a better approximation through
a simple process. Since the submatrices corresponding to the Higgs sector and the left
sneutrino are effectively decoupled, we can perform a rotation on the Higgs subsector to
diagonalize it, and the terms mixing both sectors are still going to be small. After that,
we can approximate the diagonal values by the physical masses, and then apply the mass
insertion approximation. Finally, the mixing between the approximate mass eigenstates can
be translated to an approximation of the flavor composition writing the mass eigenstates
in terms of the flavor basis. The result is:

sina(m?z g sina +m? , g cosa)  cosa(m? - sina —m? ., _ cosa)
ZH ~ Hiv; Hrv, Hv; Hivy (48)
2,1~ - :
’ Mpg? — Mz? My — Mor?
1 1
2 . 2 2 . 2
cos (M3, g—r SINQU — MFp-r COSQ)  COSA(MTp—r SINA + M3, 5 COS Q)
VAN Hivy Hy vy + Hy vy Hy vy (4 9)
22~ :
’ My? — Mor? Mp? — Mz?
1 2
sin ﬂ(m%ﬂq sin 8 + miﬂq cos )  cos B(mzzq sin 8 — quzq cos (3)
ZA ~ aVi uVj + uVi dYi (4 10)
2 1 ~~ .
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cos ﬁ(mzﬁ? sin B + mzﬁ? cosf3) sinf (quggiz sin 8 — qug;} cos 3)

73, ~ 4.11
2,2 MA2 o MDIQ MgIQ ( )
Where the angle o diagonalizes the H,,, H; submatrix:
M g
cosa = — s
Myrar — Myrir
2
Myrar
sina = |1 — ———d (4.12)
Marar — "yriR
And the mass of the Heavy scalar/pseudoscalar can be roughly estimated as:
1., 1
ViR tanﬂ Eﬂ + éAj’fiijkR (413)

This approximation rely on several rough assumptions and depends on masses and
angles that can’t be calculated with exactitude a priory, just estimated. It’s quantitative
results has to be used with caution, but they allow us to have a qualitative idea on how
would this mixings behave in terms of the different parameters, and the physical masses.

First, in the decoupling limit and if the mass of the left sneutrino is small, we recover
the mass insertion approximation. But we can also see that when M, ~ Msx the mixing
can be large, both for up and down Higgs flavors. Finally, the sign of the mi;dng depends
also on whether the left sneutrino is heavier or lighter than the Higgs boson. This is
irrelevant for the coupling with quarks, since there is only one dominant term, but it will
be important in other cases.

In the case of the pseudoscalar left sneutrino, one can still use the mass insertion
approximation to calculate the mixing with Hy. Since the dominant value of the coupling
is given by %Yl’l’ AmUIRUmR, and this is suppressed by the mass of the pseudoscalar Higgs
approximated by its diagonal mass entry. One can straightforwardly obtain the following
expression for the largest effective interaction of the pseudoscalar sneutrino decay into
down-type quarks:

Ybyv A
A (24X 4+ V2kvg) tan B

One can obtain the same result, for a moderate to large value of tan 3, retaining the
first term of Eq. (4.10]), keeping the leading terms on Eq. (A.9) and approximating M?3 as

in Eq. ([{.13).

In the general case, the partial width to up and down quarks, corresponding to the
diagrams of Fig. 4.1|a) and b) are:

(4.14)

M

H/A

Poiosiya, ~ 1o Yo, 23 (4.15)
Mz H/A 2

| S Y, Z 4.16

i ] 1671-’ J 7,,2 | ( )

Summarizing, the decay of the left sneutrino to a couple of quarks is mediated by the
off-diagonal mass terms mixing left sneutrino and Higgs states, and therefore suppressed.
However, if the mass of the left sneutrino is close to the mass of the physical Higgs states
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(light, heavy or pseudoscalar), the mixing can be enhanced and consequently the decays.

4.3.2 Decay into charged leptons

The mixing between left sneutrino and down-type Higgs can be used also to describe the
decay of the sneutrino to leptons through the diagram ¢). In this case the contribution
to the partial width would have the same form as in Eq. (4.14)), but replacing the down-type
quark Yukawa coupling by the leptonic corresponding one:

Yeyv A
A (24X + V2kvR) tan 8

keeping in mind that if the mass separation between any of the Higgs states and the
sneutrino is small, this expression wouldn’t capture the strong mixing between both states.

(4.17)

Since in the SM leptons mix with with supersymmetric charged fermions, there are
other possible diagrams mediating the decay of the sneutrino to leptons. On Fig. d)
we can see the Feynman diagram mediated by the mixing lepton-higgsino. This diagram
is proportional to the lepton Yukawa coupling in the vertex, and to the mixing Uy’ in
the external leg, where 7 € 1,3. This mixing can be estimated using the mass insertion

approximation to be gjyj\vf; Thus the contribution of this diagram would be:

Y-e-Yy-URj

3337

Z AiUR;

Notice that this diagram can give rise to lepton flavor violating decays of the sneutrino.
Finally, combining the two possible diagrams we have the approximate decay widths:

(4.18)

M, wa Yo Yiom,
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~ e e (4.20)
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In Eq. the contribution of both diagrams can cancel each other depending on
the sign of the mixing sneutrino-Higgs. Notice also that the contribution form the diagram
d) would only be relevant for tau left-sneutrinos, since the corresponding diagrams for
the first two families will be strongly suppressed by the small value of the corresponding
Yukawa coupling.

When the mixing sneutrino-Higgs is enhanced by a small mass separation, the first term
of Eq. (4.19) dominates the leptonic decays.

4.3.3 Decay into neutrinos

The Feynman diagrams shown in Fig,. e) and f) describe the decay of the scalar and
pseudoscalar sneutrino into neutrinos, here the vertex is mediated by the gauge interaction
sneutrino-neutrino-gaugino, and the mixing gaugino-neutrino. This mixing, labeled as
U}y/s where j € 1,3, and 4 (5) stands for bino (wino). This mixings can be approximated

J
using again the mass insertion approximation to be:

v n UL ” 9 UL
A~ — UY. ~ . 4.21
Ea AM,’ TP g 4 M, (4.21)
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There can be in principle a diagram mediating this decay also through the mixing Higgs-
sneutrino as in previous sections. This decay will be nevertheless strongly suppressed both
by the small neutrino Yukawa coupling, and the small mixing between left and right handed
neutrinos. The complete interactions and given in Appendix[B] The above terms are rough
approximations of the first and second terms , respectively, multiplying the projectors Pr, g
in Egs. [B.7] Summing over the three generations of neutrinos, the partial width is:

r MD'Q%VZU%Z 93\/2% |2 (4.22)
iy~ + .
- 167" 2M, V2M,

Note that the decay now looks independent of the mixing sneutrino-Higgs. Actually
there is one diagram similar to Fig. c) for neutrinos, but the smallness of Y and the
mixing v — v make the diagram irrelevant. From Eq. is evident also that the partial
width is independent of the generation of the left sneutrino.

4.3.4 Decay into gauge bosons

Whenever kinematically accessible, the Feynman diagrams shown in Fig. [4.2 a) - g) will
make the left sneutrino decay to a couple of gauge bosons. In this case, besides the diagrams
mediated by the mixing sneutrino-Higgs, the left sneutrino couples directly to gauge bosons.
Like on Fig. a) and d), where we can see the direct coupling of the left sneutrinos to
W= and Z, suppressed by the value of the corresponding VEV. The coupling mediated by
the mixing of the left sneutrino with up and down type Higgses, as depicted in Fig b),
c), e) and f) would be proportional to the mixings described in section [4.3.1] Notice that
the contribution from the different diagrams won’t always add up and can indeed cancel
each other, depending on the signs of the mixings.

As a consequence of the mixing of the scalar sneutrino with HZjd discussed above, a
sizable decay channel into photons could also be generated. This decay, schematically
described in Fig. [4.3.1] g) is generated radiatively with the most important contributions
generated with W=+ and top-quarks running in the loop.

v =y (4.23)

4.3.5 Decay into Higgs Bosons

The left sneutrino couples directly to the Higgs bosons, after electroweak symmetry break-
ing, through F-Terms generated by the neutrino Yukawa coupling and D-terms. Assuming
the light Higgs to be H, dominated, the relevant couplings are the terms on Sec. [C] pro-
portional to Z/4,, ZH Z[7,.

Assuming that the decay of the left sneutrino to a couple of higgses is kinematically
accessible, the left sneutrino could decay to a couple of light Higgs bosons. The corre-
sponding Feynman diagram is shown on F'ig. Is manifest that the third term could be
neglected in front of the other two, because of the presence of extra factor of Y and/or
vr. The corresponding partial width is calculated on Eq. .

1— M 2
Mz 2 2
v o +
Fl/L%hh ~ Mo ‘)\Y;Z Vg + 91 1 92 Vri (424)
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Figure 4.1: Dominant diagrams in the decay of the sneutrino to fermions.
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Figure 4.3: Dominant diagrams in the decay of the sneutrino to Higgs bosons.
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4.4 Branching fractions and proper life-time

The interactions of the left sneutrino with SM particles open many possible channels for
the decay of the left sneutrino to non supersymmetric particles. All of this channels are
suppressed by the limit of very small R-parity violation. However, with no reason to
consider none of them to be a priory dominant, besides kinematics.

We should expect for the behavior of the left sneutrino a wide variation depending of
the different values of the parameters, but we can expect some general features common in
most cases. We can see in Fig. 1.4 to the branching fractions of scalar and pseudoscalar
left sneutrinos for different choices of parameters, generations and masses, calculated using
the approximated analytical expressions described in the previous sections.

We are focusing first on the real left sneutrino and in the case where the left sneutrino
belong to the first two generations. It differs with the third generation since for them the
Yukawa interaction Y5 is negligible. The branching fractions for different decay channels
is shown in Fig. [£.4]

For low masses, below 100 GeV, the decay is completely dominated by the vv channel

(red line on Fig. [4.4). The decays mediated by Figld.1] d) are irrelevant, and the decays
mediated by the mixing with the Higgs are sub dominant, but present. While decays to
gauge bosons and Higgs pairs are kinematically forbidden. Note that the decays described
in Eq. depend on the soft gaugino masses and the sneutrino VEV, thus in principle
the decays to bb and 77 could be of more relevance in points of the parameter space where
the gauginos are very heavy or the left sneutrino VEVs specially small. One should remind
however the influence of this parameters on Eq , thus such a point could be in conflict
with neutrino physics.

When the mass of the left sneutrino is close to the mass of the Higgs bosons the con-
tribution from the channels mediated by the mixing with the Higgs are enhanced, to the
point that the decay to bb (green doted line) and 77 (pink dotted line) are dominant. Of
special interest is the decay to a couple of photons (yellow line), because of its detection
possibilities at colliders.

When the kinematic threshold of the decay W*WT" is reached by the mass of the left
sneutrino, the decays depicted on Fig. take over the decays of the left sneutrino. This
is a generic behavior, but again the decays to neutrinos can be more important in the
high mass region if gaugino soft masses are smaller or the VEV bigger, within the values
admissible by Eq (3.33).

If the real left sneutrino belong to the third generation, its behavior is slightly different,
due to the influence of Y7. The branching fractions are illustrated, for values of A = 1 and
M, = M, = 1500 in Fig. and for A = 0.2 and M; = M2 = 500 on Fig. 4.6

At low masses, the decay to vv is still dominant, but now the decays to 77 and 71 are
important. For the parameters chosen, the neutrino channel is always dominant, but if for
A small and big gaugino masses, the leptonic channels could overcome the vv channel.

In the vicinity to the Higgs boson mass, we see an enhancement of the channels mediated
by the mixing Higgs-sneutrino similar to the one shown on Fig. Mind however that
there exist a cancellation of the leptonic channel happening in the vicinity of the maximum
mixing point. This cancellation correspond to the destructive interplay between the two
terms in Eq. .

For larger masses the decays to gauge bosons dominate the decay of the left sneutrino.
We can see however on Fig. [4.5] that the decay to WEW ¥ could be suppressed at a specific
mass. This cancellation is the result of the interplay between the diagrams a)-c), and
is not specific of the left sneutrinos of the third generation, but depends on the point of
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the parameter space.

The behavior of the imaginary left sneutrino is quite different, tough considerably sim-
pler. The pseudoscalar left sneutrino do not couple with gauge bosons, if CP is not violated,
also there is no light pseudoscalar to whom have an enhanced mixing similar to the real
left sneutrino. The relevant diagram for its decay are Fig. d), e) and f). Therefore the
only relevant decays are vZ, — vv and 0%, — 7l.

When the pseudoscalar belongs to the first or second generation, the branching fractions
are determined by the first term of Eq. and Eq. , the ratio between the decays
value does not depend much of the mass of the sneutrino. The dominant decay will be
vE. — vv. Similarly as for the real sneutrino, the decay to leptons could be more important
if soft gaugino masses are large and/or vy, is small, with the restrictions aforementioned.

For a tauonic pseudoscalar left sneutrino, the diagram d) is again important. De-
pending on the value of A, soft gauginos masses and vy, the decay v¥, — 7l can even be
dominant over 7%, — vv.

May the reader notice that the branching fractions shown in Fig[d.4H4.9] are not com-
prehensive of all the phenomenology of the left sneutrino. They pretend to be illustrative
examples of the general behavior in the mass range most interesting for collider searches.
There are regions of the parameter space where some specific channel could be enhanced
or suppressed in comparison with the behavior shown of this plots.

We have discussed so far about which of the decay widths is bigger, but we have not
address the question of how big could be the total width. This could be of the greatest
importance if, as we will see, the proper life time is long enough to have consequences for
collider experiments.

Following the formulas and , which could serve as good examples of the
order of magnitude of the total width, we can make a rough estimation of the numbers
involved. It is reasonable to estimate the fraction in front to be %_fr ~ O(GeV), also to say

that % ~ g1 ~ g ~ O(0.1). Finally, is reasonable that s Y~ O(1079), to have a

viable neutrino sector. Altogether we can estimate:

[ ~ O(GeV) x (0(0.1))* x (O(1079))? ~ 107 GeV (4.25)

Which can be converted into a proper decay length of: Z¢ ~ O(cm). Of the same order
of magnitude as, for instance, the inner detector of ATLAS. Notice that the hierarchy
between the typical widths of the heavier SUSY particles and the LSP width is similar to
the hierarchy that exist between the electroweak scale and the neutrino mass scale, since
both have a common origin.

We show in Figs. to the proper decay length for the same scenarios as for
the branching fractions. We can see that the proper decay length is larger when the
left sneutrinos belong to the two first generations. A behavior expected since there are
additional decay diagrams with a significant contribution to the tauonic left sneutrino.

We can also observe that around the mass of the Higgs boson, the proper decay length
drops dramatically as a result of the enhanced mixing sneutrino-Higgs. For large masses
we can also observe how the decays channels to W*W¥ and ZZ have a strong impact
reducing the value of cr.

The value of the proper decay length of the imaginary left sneutrinos is similar to the
real counterpart for low masses, but is always larger for masses above 110 GeV, due to
the contributions of the diagrams mediated by the mixing sneutrino-Higgs and the diboson
decays for the real sneutrino.
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BR scalar muonic sneutrino vs Mass
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Figure 4.4: Partial widths as a function of mass for a muonic real left sneutrino LSP.
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Figure 4.5: Partial widths as a function of mass for a tauonic real left sneutrino LSP.
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Figure 4.6: Partial widths as a function of mass for a tauonic real left sneutrino LSP.
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Figure 4.7: Partial widths as a function of mass for a imaginary left sneutrino LSP.
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BR Pseudoscalar tauonic Sneutrino vs Mass
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Figure 4.8: Partial widths as a function of mass for a imaginary left sneutrino LSP.
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Figure 4.9: Partial widths as a function of mass for a imaginary left sneutrino LSP.
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Figure 4.10: Decay length as a function of mass for a left sneutrino LSP.
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Figure 4.11: Decay length as a function of mass for a left sneutrino LSP.
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Decay Lenght Pseudoscalar Sneutrino vs Mass

— 10
g - Decay Lenght Sneutrino_L
= :
© L muonic ¥
R tauonic v 4=0.2 M1=M2=500
.................... = =" tauonic v A=1 M1=M2=2500
1T T
107 =
1 0—2 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
50 100 150 200 250
M_¥ [GeV]

Figure 4.12: Decay length as a function of mass for a left sneutrino LSP.

4.5 Experimental searches for sneutrinos

There exist multiple analysis looking for the production and decay of the left sneutrino
at colliders, both at LEP and at the LHC. This searches can be generically classified in
searches for RPC decays of the sneutrino and RPV decays. In the former case, the pair
production of sneutrinos and sleptons can be detected through the RPC conserving decays
7 — vx°/ — Ox* and { — (x°/ — vx®. These searches can constrain the mass of the
slepton to be above 580 GeV for ATLAS [105] and 450 GeV for CMS [106]. Notice however
that this searches use the energetic leptons and large MET resulting form the decays
described above. In this sense these searches are ineffective for the sneutrino discussed in
this chapter, since the slepton can only decay with a similar topology through the chain
{ — W*i — (3v where the lepton coming from the off-shell W is going to be too soft.

Searches for RPV decays of sleptons, as for example [I07], can however cover many of
the decays described in Sec. [4.3] For instance the decay to quarks, mimicking the decays
mediated by A, coupling, or the decays to leptons corresponding to the decays mediated
by Aiji. Nevertheless the limits obtained in these searches cannot be directly quoted, since
the simplified models used to obtain lower limits on the mass allow only one single decay
channel, something generically not true for the prSSM sneutrino.

Whenever the mass of the sneutrino is within the kinematic reach for pair production
at LEP, its searches are also relevant. Moreover a lepton collider can be sensitive to the
soft mesons produced in the decay of the slepton. One more time, lower limits on the
mass of the sneutrino or slepton cannot be directly applied because of the varied number
of channels accessible for the pzSSM sneutrino.

Other searches searches not directly designed to look for sneutrinos can be pertinent
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when they look for a signal similar to the ones possible combining the decay channels
described in Sec. [.3] That is the case of the mono-jet and mono-photon searches when
the sneutrino decays to neutrino pairs. Also the searches for lepton pairs in association
with missing transverse momentum, or jets plus MET are topologies possible for the left
sneutrino LSP. In general this searches suffer from the reduced branching fraction since
the decays of the left sneutrino are distributed among the multiple possibilities. Moreover,
light sneutrinos tend to produce softer leptons/jets and smaller amount of MET than
the particles for which the analysis were originally designed. And when the mass of the
sneutrino is high enough to produce clearly discernible events, the production crossection
is typically too low.

Summarizing, is not possible to establish robust exclusion limit on the mass of the left
sneutrino LSP given the number of possible decay channels of it. This does not tell however
that limits doesn’t exist, but rather that each scenario is constrained from different signals
and should be checked individually. One can put a generic lower bound nonetheless on
M /2, since the contribution of the left sneutrino to the total width of the Z boson would
be well above the experimental uncertainties on its measured value.
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Chapter 5

Searching for left sneutrino LSP at the
LHC

In this chapter, based on the work [94], we analyze the relevant signals expected at the
LHC for a left sneutrino LSP. Here we will study separately BPs with left sneutrinos
co-LSP of the first two families, and left sneutrinos LSP of the third family, since their
phenomenology is very different. Based on this BPs we propose search strategies that
could lead to a discovery of the left sneutrino at the end of RUN 2.

In the previous chapter, we have seen the general features of the left sneutrino as the
LSP. Based on approximated analytical formulas,we select the most interesting scenarios
and we picked a selection of representative BPS for which we calculated the mass spectrum
and decay modes using a suitable modified version of SARAH code [108, 109, 110] as well
as the SPheno v3.3.6 code [I11, I12]. These results were linked to MadGraph5_aMC@NLO
v2.3.2.2 [I13] and PYTHIA 6.428 [114] tools, in order to make the full analysis of detection
of signals at the LHC.

In section is explained how the data on neutrino physics can be reproduced at tree
level in the prSSM, even with diagonal Yukawa couplings Y;/. Nevertheless, for this first
analysis focused on the detection at the LHC, it will be operationally simpler to work
with only one family of right-handed neutrinos and its sneutrino partner. Thus we leave
the three-family case for a future work [I15], since our LHC analysis is not going to be
essentially modified by this simplification. As a consequence, we will work with the following
non-vanishing parameters: tan 3, vig =, X = \, A} = A* ki1 = K, A%, = A% andY}, AY,.
For the last two parameters we will assume universality, Y7 = Y” and A}, = A, since
in this way we will have three large enough diagonal left sneutrino masses, mimicking the
case of three families of right sneutrinos. We will also have v;;,, not necessarily universal.
Summarizing, the free parameters in the neutral scalar sector at the low scale Mgwsp, are
in our analysis:

M\ k&, YV tan B, v, vp, AN, A%, AV (5.1)

Concerning the soft parameters of Eq. (3.4)), for simplicity in the computation we will
consider that the trilinear ones, as well as the scalar masses, are universal, i.e, Ai“j’d’e = Awde

and Mg, g de. = MG, andnén TeSPectively.  Altogether, we have the following free

parameters:

M17M2aM37mQL7mﬁR7mJL7m€R7Au7AdaAe' (52)

We have discussed in Sec. the neutral scalar and pseudoscalar matrices, and we

23
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have seen how a left sneutrino can become the LSP. We have seen also the relation between
the masses of left scalar and pseudoscalar sneutrinos, and sleptons. The final necessary
condition we found is that A" ~-100 GeV to obtain the pseudoscalar left sneutrino as the
LSP with mass ~ 100 GeV. The LSP can in principle belong to any of the three families of
the SM, but as we have seen in Sec. this can have crucial implications for the signals
produced at the LHC.

We can assign different values for the input parameters associated to each family. This
is the case for example of the left sneutrino VEVs, v;;,. Thus if we choose v1;, = var, > v3p,
we obtain from the approximate expression Eq. that the electron sneutrino 7%<¢ and
the muon sneutrino 7%+* have masses degenerate and behave as co-LSP. Although this
degeneracy is broken by the mixing of the mass matrices and by loop corrections, the mass
difference is going to be negligible. For example, for the BP in Table to be analyzed
afterwards, 7%~ is 0.0002 GeV heavier than 7%#2. We have discussed in Sec. that scalar
and pseudoscalar sneutrinos are co-LSPs, we conclude then that in this case there are four
co-LSP: vfer | ptur pRer and pReL. Alternatively, if we choose vy, = vor, < w3z, then we
obtain that tau sneutrinos X7 and %7t are co-LSP. Obviously, in the case of universal
VEVs one obtains that the left sneutrinos of the three families , scalar and pseudoscalar,
become co-LSP.

Let me finally remark that another equivalent strategy to find non-degenerated families
of sneutrinos, is to allow for non-universality of the parameters A7; or Y;7, while keeping
v;7, universal.

5.1 Electron and muon left sneutrinos co-LSPs

Following the discussion in the previous subsection,we show in Table[5.1a benchmark point
(BP) with the right properties to produce v7;, v% , vZ, and [} co-LSPs, with masses of
about 125.4 GeV. The input parameters at the low scale Mgwsp can be found in the first
box of the table. Concerning the input soft parameters, as discussed below Eq. , the
most relevant one for our computation is A and we have used the value —A” = 386 GeV
~ kvg/v/2. Other relevant soft parameters are the gaugino masses M; and M,, since
Bino and Wino mediate the decay channels of the left sneutrino (see Fig. . We take
them as 600 and 900 GeV, respectively, and for M3 we choose 1600 GeV. For the rest of
trilinear parameters, for simplicity in the computation we assume Auij,dij,ez—j = Ay e, and
A% = A° = A* = — A% = 1 TeV with the exception of A* ~ —3.1 TeV in order to reproduce
the mass of the Higgs. As we will discuss below, the negative value of A" is necessary
to avoid tachyonic pseudoscalar right sneutrinos. The one of A" it to avoid tachyonic left
sneutrinos due to the loop corrections. In the same spirit of simplicity, we use my . 7. =
1.3 TeVEI and mg,, = 1 TeV. Finally, we have tan 8 = 10, corresponding to the following

Higgs VEVs: v, /v/2 = 170.84 GeV, v4/v/2 = 17.08 GeV.

! As analyzed in Refs. [116] 117} [T18, 119} 120, 121, 122]using a numerical minimization of the potential,
large values of A* may give rise to an unstable electroweak ground state decaying rapidly to a charge
and color breaking (CCB) minima (see e.g. Ref. [123]). Using the results of Refs. [117, [118], we have
been able to check that our point around the maximal mixing corresponds to a metastable vacuum. The
dangerous additional possibility of rapid thermal tunneling [I18] is dependent on the thermal evolution of
the Universe, and to analyze it is beyond the scope of this work. Nevertheless, it is worth noticing that CCB
minima are not a crucial subject in our study of the sneutrino LSP. We can easily modify A and/or stop
soft masses obtaining the same kind of signals discussed here. For example, keeping A! ~ —3.1 TeV but
increasing m; in a few hundred GeV we can enter in a safe stable region [116] 117, 118 119, 120} 121, 122].
Also the same situation can be obtained reducing |A*| and properly changing m;.
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Table 5.1: Benchmark point producing 7, ,v/% , U7, and U} co-LSPs, with masses of 125.4
GeV. Input parameters, and soft masses obtained from the minimization conditions, are
given in the first and second boxes at the low scale Mgy sp. Sparticle physical masses are
shown in the third box (with their dominant compositions written in brackets). Sneutrino
branching ratios (larger than 10™*) and decay widths are shown in the fourth and fifth
boxes, respectively. VEVs, soft parameters, sparticle masses and decay widths are given in

GeV.

A 0.2 K 0.3 YV 5x 1077
v1,21/V?2 3% 104 v3L/V?2 5x 1076 vr/V?2 1350
tan 8 10 Av —3177 Ade 1000
AN 1000 A* —1000 AV —386
My 600 Mo 900 M3 1600
m%L,aR,JR 1.69 x 106 m2, 106 - -
m%, 3.62 x 10° m?, —1.09 x 10° m? 0.750 x 10°
m? 0.968 x 10* m? 0.968 x 10* m2 0.935 x 108
Ler Lur Lrp

My, (R 124.2 My R, ) 125.4 My (7R ) 125.4
M, (R 501.2 My (7R ) 972.4 Mg (HR) 1934.4
- - M AT ) 125.4 MAYT, ) 125.4
MAYE, ) 972.4 AT 1100 M AQ(HT) 1933.9
- - M= (i) 145.4 M= (@) 145.4
My Gy 946.9 M= ) 1000.9 M= i) 1000.9
M= ) 1000.9 My (17 1936.2 - -
M99 /A9 264.8 MA0(A10/A1Y) 279.6 W) 600.3
A0 (1) 809.6 MAY(10) 919.8 - -
mAZ(iI;/(ﬁ;r)c) 272.1 m/\g(W_) 920 - -
My (Gp /TR 1112 Mg, (ZR) 1340 My, (TR) 1340
Mg, (i) 1343 Mg (7,) 1343 Mo By /T 1465
Mg Gy 1310.6 MG G 1338.8 M. Gr) 1338.8
Mg (e 1338.8 Mg (5 1344.9 ML) 1344.9
mg 1619.5 - - - -
BR(AJ — wvv) 0.9744 BR(AJ — vv) 0.9908
BR(A9 — pEe¥) 0.0058 BR(AJ — ptp™) 0.0055
BR(A9 — p*7F) 0.0054 BR(A§ ; — 7F77) 0.0003
BR(AS 5 — bb) 0.0017 BR(A§ ; — éc) 0.0007
BR(A4Y ; — g9) 0.0061 - -
BR(h2,3 — vv) 0.0015 - -
BR(he — 7777) 0.0863 BR(hs — 7F77) 0.0828
BR(h2,3 — bb) 0.468 BR(h2,3 — &) 0.033
BR(h2,3 — g9) 0.122 BR(h2,3 — 7Y) 0.003
BR(h2,3 — WEWF") 0.256 BR(h2,3 — ZZ*) 0.028

| T(ha3) | 67x10° 10 ] (A3 ,) | Lox1013 |

The soft masses obtained from the minimization conditions of Egs. (3.17)-(3.20) are
shown in the second box of the table. In particular, from Eq. (4.2]) it is easy to check
that one can obtain m% ~ (1 TeV)? corresponding to the VEV w3, /v/2 = 5 x 1076

TL

GeV, and two smaller soft masses m2L ~ (100 GeV)? corresponding to larger VEVs,

Ne,uL
ULQL/\/? =3 X ].0_4 GeV.
The sparticle physical masses are shown in the third box of the table, with their dom-
inant compositions written in brackets. The masses of the neutral ‘Higgses’ can be found
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in 15 — 4" rows of that box. There we have followed the notation of Appendices |A|and
for the dominant compositions. The scalar mass eigenstates are denoted by h; g, since
we are considering only one family of right-handed neutrinos and the scalar partner. The
pseudoscalars are denoted by A9 . because we associate A} to the Goldstone boson eaten
by the Z. The composition of the latter is dominated by the HZ (98.9%), with the sec-
ond most important composition HZ (~ 1%). By convention, the masses are labelled in

ascending order, so that for example m o < myg < ...

As evident from Eq. (or Eq. ), because of the small low-energy soft masses of
the first two families of lepton doublets ~ 100 GeV (since we assume vy, = vof, > v3p), We
are able to get as LSP with a mass of 125.4 GeV a pseudoscalar state dominated by the
muon left sneutrino A3(#; ), with co-LSPs essentially degenerate in mass A3(77;) and the
scalar partners ho()5,), h3(P%;). On the other hand, because of the large soft mass of the
third family of lepton doublets ~ 1 TeV, we obtain AO(VT 1) and hs (DX ) with masses of 972.4
GeV. All these states are very pure left sneutrinos (>99.99%), confirming our statement
above that the left sneutrino submatrix is almost decoupled from the Higgs-right sneutrino
submatrix. Actually, for this BP, because of the not very large value of A\, the Higgses
and right sneutrinos are also almost decoupled. They are quite pure right sneutrino states
(>99.96%) or Higgs states (>98.86%). In particular, we obtain h;(H¥) as the SM-like Higgs
with a mass of 124.2 GeV, and hg(HJF) and AJ(HZ) as the heavy scalar and pseudoscalar
Higgses Wlth masses of about 1934 GeV (see Eq. - vs. Egs. (A.3) and - where the
factor vs. tan 3 is crucial). The second most important composmon for these states

ta B
is (~ 1%) HF, HR and HZ, respectively. For the right sneutrino states we obtain hy(7%)

and A%(7%) with masses of 501.2 GeV and 1100 GeV, respectively These values can be
reproduced using the following approximate formulas from Egs. (A.8) and m

1
mvg ~ 26%0% + —=rAfug | 771;27}1;c ~ ———nrAPvR . (5.3)

V2 V2

The masses for ‘charged Higgses’ are written in 5 — 7" rows of the third box of
Table Following the notation of Appendix |A] they are labeled as Hy 50 since we

first state is dominated by the H; (98.9%), with the second most important composition
H;" (~1%). As a consequence of the result in Eq. , there are two light (one heavy) left
sleptons associated to the light (heavy) left sneutrinos, Hy (fi1), Hy (ér) (Hy (71)), with
masses of 145.4 (946.9) GeV. Thus H, (jiz) and H; (é1) are the co-NLSPs with masses
almost degenerate. Concerning the right sleptons, they are decoupled from the left ones
as already discussed in Subsection . We can also see in Eq. that their masses
are basically determined by the soft masses. As a consequence, they have negligible off-
diagonal entries, and there are three states Hy (fir), Hg (ég) and H; (7g) with masses of
about 1 TeV. Since the slepton and Higgs submatrices are decoupled, all these states are
very pure sleptons (>99.97%). Finally, there is a charged Higgs (>98.9%), Hg (H; ), whose
second most important composition is (~ 1%) H,'". As expected, this state is heavy with
a mass of about 1.9 TeV, as those of the heavy neutral scalar hg(H) and pseudoscalar
AY(HZ) (compare Eq. - with Egs. and (A.19)).

The masses for ‘neutrinos’ are shown in Sth 9" rows of the third box of Table [5.1]
The mass eigenstates are denoted as A} g, since we associate the first three states to the
SM left-handed neutrinos. The other five eigenstates arise from the mixing of MSSM-
like neutralinos and the right-handed neutrino. As can be deduced from the matrix in
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Eq. , we obtain almost pure Wino, Bino, Higgsinos and right-handed neutrino states.
The AQ(W°) and AJ(B°) states with 99.1% and 99.3% of Wino and Bino composition,
respectively, have masses of 919.8 and 600.3 TeV, respectively, and these are determined
approximately by the soft masses My and M;:

Myiro ~ M2 , Mpo ~ M1 . (54)

The Higgsinos have a mixing of order 50%, and the two states, A)(H?/HY) and A2(H°/HY),
have similar masses of 264.8 and 279.6 GeV, respectively, which are determined approxi-

mately by the effective p term in Eq. (3.22):

V2

Finally, the \9(vg) state has a 99.8% of right-handed neutrino composition. Its mass is
809.6 GeV and can be approximated by the effective Majorana mass of Eq. (3.24))

~ 2k (5.6)

) V2
Notice that from Egs. (5.3)) and (5.6) we obtain

my

3
m% ~2 —éAkm,,R : (5.7)

and therefore A* and m,,, (i.e. the product kvgz) must have opposite signs in order
to avoid tachyonic pseudoscalar right sneutrinos. In particular, in our BP we choose a
negative value for A*.

The masses for ‘leptons’ are shown in 10" row of the third box. The mass eigenstates
are denoted as )\ff’f), since we associate the first three states to the SM leptons. As discussed
in Subsection [3.3the 2 x 2 MSSM-like chargino submatrix is basically decoupled from the
3 x 3 lepton submatrix. Thus we obtain almost pure charged Wino, Higgsino. The )\g(I/T/—)
mass of 920 GeV can be approximated by the soft mass Ma:

The charged Higgsinos have a mixing of order 50%, and the state A; (H; /(H;)¢) have a
mass of 272.1 GeV, which can be approximated by the value of the effective p term, as for
the neutral Higgsinos in Eq. (5.5)):

(5.9)

2B
Mgt T A——= .
H* \/5

The squarks masses are shown in 11" — 14" rows of the same box. They were discussed
in Subsection [3.3] As a consequence of their structure, all squark masses are of the order of
the corresponding soft masses ~ 1.3 TeV, except the lightest and the heaviest ones which
because of the large top Yukawa coupling driven mixing between the left and right stops,
obtain masses of the order of 1.1 and 1.4 TeV, respectively.

The gluinos masses are shown in 15" row. They are of the order of 1.6 TeV, determined
by the value of Mj:
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Let us finally remark that it is easy to obtain other masses for the electron and muon
sneutrinos co-LSPs, as can be deduced from the discussion below Eq. . A simple way
to decrease (increase) the mass of the LSP is to increase (decrease) the left sneutrino VEVs.
However, in this work we focus in the narrow range of masses 118 — 132 GeV where the
decays of the LSP can be treated as prompt, as seen in section f.4, On the other hand,
for a tau sneutrino LSP the range is broader and a richer collider phenomenology could be
obtained.

5.2 Tau left sneutrino LSP

In Table , we have adopted the strategy discussed below Eq. in order to produce
a tau left sneutrino LSP, 7Z;, namely to use similar input parameters as in Table but
with v1;, = vor, < vsr. In this case, the masses obtained from Eq. are different from
the ones in Table |5.1] with the mass of the pseudoscalar state essentially degenerate with
the mass of its scalar partner 7%, but not with the other families of sneutrinos. In the third
box of Table [5.2, we see that the A9(7Z;) is the LSP with a mass of 126.4 GeV basically
degenerate with the one of the state ho(7% ), which is the co-LSP. The next heavier state
is now the h3(P%) with a mass of 501.2 GeV, since the other two families of left sneutrinos
have masses of 776.4 GeV. The spectrum for the charged scalars is modified accordingly
with respect to Table e.g. Hy (7) is the NLSP with a mass of 146.9 GeV, and no other
state has mass degeneracy with this one.

Notice that we have modified in this table the values of the soft masses M; and Ms,
with respect to Table 5.1}, lowering them to 300 and 500 GeV, respectively. This is because
the gaugino masses affect the seesaw mechanism generating neutrinos masses, as discussed
in Subsection [3.3] Therefore, we have to choose the values of M; and M, in such a way
that the mass of the heavier neutrino is maintained below the upper bound on the sum of
neutrino masses ~ 0.23 eV [124], and above the square root of the mass-squared difference
Am?2,  ~ 242 x 1073eV? [125].

From the discussion below Eq. , one deduces that a simple way to decrease the
mass of the LSP is to increase the left sneutrino VEVs. In particular, we show in Table
a point similar to the one of Table but with vs;,/v2 = 5 x 107* GeV. In this way, we
obtain 7Z; and % co-LSPs with masses of about 97.8 GeV. The mass of the 7, NLSP also
decreases and becomes 122 GeV. For this point, the SM-like Higgs is heavier than the LSP
and therefore, following our convention, is labeled as hy(HX) in the table.

Following the same strategy, in order to increase the mass of the LSP we can simply
decrease the value of the concerned VEV. We show in Table [5.4| the case with vy / V2 =
3 x 107* GeV giving rise to 7%, and % co-LSPs with masses of about 146 GeV, and a 77,
NLSP with a mass of 163.6 GeV. In Table [5.5] we show another case with a larger sneutrino
mass. For that we take vz, /v/2 = 9.48 x 107 GeV obtaining now a 7%, and 7% co-LSPs
with masses of about 311 GeV. We have also changed the value of M; and A to keep the
Bino more massive than the LSP and to avoid too light mass scale for neutrinos, while
having enough multileptonic decays. The value of A, is chosen in order to minimize the
singlet composition of h; avoiding a decrease in its mass.

As we will discuss in Section [5.4] this range of sneutrino masses of about 95-310 GeV
is the appropriate one for our analysis of signal detection.
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Table 5.2: Benchmark point producing 7, and 7% co-LSPs, with masses of 126.4 GeV.
Input parameters, and soft masses obtained from the minimization conditions, are given in
the first and second boxes at the low scale Mgy sp. Sparticle masses are shown in the third
box (with their dominant compositions written in brackets). Squark and gluino masses are
the same as in Table and not shown. Sneutrino branching ratios (larger than 10~*) and
decay widths are shown in the fourth and fifth boxes, respectively. VEVs, soft parameters,
sparticle masses and decay widths are given in GeV.

A 0.2 K 0.3 YV 5x 1077
v1,21/V?2 1x1075 v3L/V?2 4% 1074 vr/V?2 1350
tan 8 10 Av —3177 Ade 1000
AN 1000 A* —1000 AV —400
M 300 Mo 500 M3 1600
m%L,aR,JR 1.69 x 106 m2, 106 - -
m%, 3.62 x 10° m?, —1.06 x 10° m? 0.750 x 10°
m%d 0.598 x 106 m%“L 0.598 x 106 m%TL 1.35 x 10%
My, (R 124.2 My R ) 126.4 M, R 501.2
mh4(§§L) 776.4 mh5(§§L) 776.4 th(HZiz) 1934.4
— - mAS(D;‘rL) 126.4 on(;EIL) 776.4
mAGT, ) 776.4 M A 1099.9 M AQ(HT) 1933.9
- - mHz_ 1) 146.9 mHg_ (Fir) 786.8
M @) 786.8 M @) 1000.4 M= (i) 1000.5
M= ) 1000.5 My (17) 1936.2 - -
MAY(19/719) 241.2 M (10 /719) 280.8 m9(59) 317.2
M0 10y 531.4 MO () 809.6 - -
Mo i )| 264 M= ) 531.5 - -
BR(AJ — vv) 0.4430 l:ezi TBR(Ag — 7EIF) 0.5548
BR(AJ — bb) 0.0008 BR,(AQ — g9) 0.0015
BR(hg — vv) 0.0059 . :Z #BR(hg — TEIF) 0.0048
BR(hg — 7t77) 0.1168 BR(’hQ — utp™) 0.0003
BR(hg — bb) 0.4315 BR(h2 — &c) 0.0306
BR(h2 — gg) 0.1143 BR(h2 — v7) 0.003
BR(hy - WEWF") 0.2624 BR(ha — ZZ*) 0.0301

[ T(ho) | 675 x 1011 | 1(49) | 9.14x 10713 |

Similarly, we could have worked with a fix value for v3; but varying the value of A".
For example, for vz /v/2 = 5x 10~* GeV as in Table , with A" in the range between -385
and -435 GeV one can obtain the X, LSP with a mass in the range of about 95 and 145
GeV. Needless to say, we could also play around with the other relevant input parameters
for our computation, i.e. A, k, Y”, tan 3, vg, still obtaining this range of masses for the

LSP.

5.3 Decay Modes.

In section we have described the decay pattern of the left sneutrino LSP through some
approximate formulas, based on the mass insertion approximation. We can illustrate now
this formulas with the values the BPs presented in previous sections.

In the discussion of Sec. [4.3] is shown that the H®/? of the left scalar sneutrino is
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Table 5.3: The same as in Table but for 7%, and 7% co-LSPs with masses of 97.8 GeV
considering UgL/\/§ =5x107* GeV and A” = —385 GeV. In the first and second boxes we

show only the parameters whose values have changed.

m2 ‘ 0.454 x 108 ‘ m2 ‘ 0.454 x 10° ‘ m2 0.692 x 104
Ler L,L Lrr

mhl(ﬂfL) 97.8 My, (HR) 124.7 mha(ﬁg) 501.2

M, (R, ) 676.8 My (7R ) 676.8 - -

- - MAYT, ) 97.8 M AT, ) 676.8

mAg(;eIL) 676.8 mAg(ﬂll%.) 1099.9 - -

- - mH{(?L) 122 mHg_(ﬁL) 666.8

Mz, 666.8 M= ) 1000.2 M= (i) 1000.2

My~ (2m) 1000.2 - - - -

rd

BR(A49 — wv) 0.5515 S>> BR(A9 — 7%IF) 0.4483
l=e,pu,r

BR(h1 — vv) 0.507 S BR(h1 — 717F) 0.3889
l=e,u,7

BR(h; — bb) 0.0854 BR(h1 — éc) 0.0053

BR(h1 — g9) 0.00112 BR(h1 — 77) 0.0005

BR(h; — WEWE") 0.0013 - -

T'(h1) 9.3 x 1013 I'(A9) 8.5 x 10713

Table 5.4: The same as in Table |5.2] but for 77, and % co-LSPs with masses of 146 GeV,
choosing vsz,/v/2 = 3x10~* GeV. In the first and second boxes we show only the parameters
whose values have been changed.

’ mZ ‘ 0.590 x 106 ‘ m%“L ‘ 0.590 x 106 mZ 1.87 x 107

My, (1R 124.8 My (7R, 146 My R 501.2

My (57 ) 771.3 M R, ) 771.13 - -

MAQ (5T, 146 MAY T, ) 771.3 Mg, 771.3

M AT 1100 - - - -

M= L) 163.6 My i) 786.8 M ) 786.8

M- @) 1000.5 M= i) 1000.5 M ) 1000.5

BR(A9 — vv) 0.3250 l > BR(AY — 7EIF) 0.6719
=eopi,7

BR(AJ — bb) 0.0007 BR(AY — gg) 0.0021

BR(h2 — vv) 0.1668 - -

BR(ha — 7F77) 0.2492 /z BR(hy — 7EU'F) 0.2284
U'=e,u

BR(h2 — bb) 0.0716 BR(h2 — éc) 0.0056

BR(h2 — g9) 0.0293 BR(h2 — vv) 0.0007

BR(hy = WEWTF") 0.2198 BR(he — ZZ*) 0.028

I'(h2) 1.69 x 10712 I'(A9) 8.7 x 10713

enhanced when its mass is in the vicinity of the Higgs boson. And that such a behavior
is not observed for the pseudoscalar state. We can see an example of this taking a look
for example in (the fourth box of) Table that, for the BP analyzed there, the result of
the numerical computation for the decays of the light left sneutrinos into charm quarks,
using the interaction in Appendix , is BR(A%3 — ¢c) = 0.0007. Of course, decays into
top quarks are kinematically forbidden, given the sneutrino mass considered there of 125.4
GeV. Nevertheless,for the scalar sneutrino the numerical computation using the interaction
in Appendix [B| gives BR(ha3 — é) = 0.033 for the BP of Table A much bigger
result than for the pseudoscalar sneutrino. The enhanced mixing is the reason also why
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Table 5.5: The same as in Table [5.2| but for 7%, and 7% co-LSPs with masses of 310.9 GeV.
In the first, second and third boxes we show only the parameters whose values have been
changed.

A 0.35 AX 3714 v3L/V2 9.48 x 10~
M 500 - - - -
m, 1.90 x 107 m2, —1.42 x 10° mZ —4.345 x 10*
m%eL 0.590 x 106 25,@ 0.590 x 106 m%TL 7.55 x 10*
My, (HR) 125.3 My (5% ) 310.9 My (7R 523.3
My (7R ) 778.1 M (7%, ) 778.1 Mg (HR) 4423
MAYT,) 310.9 M AT 778.1 M AT ,) 778.1
MA0(5T) 1079.4 M AQ(HT) 4420.7 - -
My (7 311 My (i) 780.4 My (o) 780.4
M= ) 985.2 M= (i) 985.2 My () 988.3
My 7 4421.4 - - - -
MAQAY /) 421.6 M0 (A9 i9) 484.8 my0(50) 501.4
M9 (170) 567.1 MAY () 814.5 - -
M- i )| 4367 M= i) 563.4 - -
BR(AJ — vv) 0.0569 > ie i BR(AY = 7EIF) 0.7565
BR(AJ — bb) 0.0002 BR(AJ — gg) 0.0070
BR(h2 — vv) 0.0374 BR(h2 — hihi) 0.2877
BR(hy — 7F77) 0.1846 S i—e BR(h2 = 7EIF) 0.3308
BR(ho — bb) 0.0005 BR(h2 — g9) 0.005
BR(hy - WEWTF") 0.1017 BR(ho — ZZ*) 0.0475

| T(ho) | 813x 10713 | T(49) | 5.3x10° 18 |

the numerical result of Table [5.1] using the interaction in Appendix [B] shows that the BR
into bottom quarks is the largest one with a value BR(hg3 — bb) = 0.468, while for the
pseudoscalar is only BR(Ay 3 — bb) = 0.0017.

As a consequence of the mixing of the scalar sneutrino with HZfd discussed above, a
sizable decay channel into photons is generated:

Vit = 7 (5.11)

, with BR(hs,3 — 77) = 0.003 as shown in Tables p.1]and [5.2] For an early work analyzing
U, — 7y in the context of trilinear %, see Ref. [126], where a negligible BR~ 107% was
obtained. This decay of the scalar sneutrino into two photons in a way not very different
from the Higgs, can be very interesting for our purposes. Let us recall in this sense that the
Higgs was discovered thanks to this kind of decay. Although the associated BR is far from
being the dominant one, the diphoton signal is very clear and easy to disentangle from the
SM backgrounds.

Notice however, that for other masses of the sneutrino as in Tables the BR to
photons is decreased. For example, in Table one obtains BR(hg 3 — 7) = 0.0005. This
is because the mixing of the scalar left sneutrino with the SM Higgs is reduced when the
separation between their masses is increased. In addition, the BR of the H* to diphoton
is maximal in the vicinity of the mass of the SM Higgs.

For the leptonic decays, the approximation obtained through the mass insertion is better

and the equations give a good approximation of the full numerical value. We can see for
example that for an electron sneutrino LSP the contribution in Eq. (4.18) is proportional
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to Y€ and therefore suppressed with respect to the one in Eq. (4.17)), where typically

Av ~ —2 . N
Py \/%IZR)tan 5 ~ 107°. For a muon sneutrino LSP, however, Y* is larger than Y°¢ and

we obtain for the BP in Table that the contribution in Eq. is a factor of order
3 larger than that of Eq. See e.g. in Table that BR(AY — p*uT) = 0.0055
whereas BR(A) — 757F) = 0.0003. Notice also that BR(A9 — bb) = 0.0017 is larger than
the later mainly because of the factor 3 of color that has to be included in the computation.

On the other hand, for a tau sneutrino LSP, the contribution in Eq. is larger than
Eqgs. and Eqgs. . As a consequence, in this case one dominant decay channel

for the pseudoscalar (and scalar) left sneutrino is into leptons:

2 e e (5.12)

where [ = e, pu, 7. In Table we see for example that >,__ ~BR(AJ — 75IF) = 0.55.
Similar results, 0.44, 0.67, and 0.75, are obtained in Tables , respectively, where
other tau sneutrino masses are analyzed.

Finally, the sneutrino can decay to neutrinos. For an electron or muon pseudoscalar
sneutrino LSP, the contributions in Eq. are of the order of 10 larger than the largest
one in Eq. which is proportional to Y#. This is the reason why in Table m we
obtain BR(A9 — vv) = 0.97 and BR(AJ — vv) = 0.99. As a consequence, the dominant
decay channel is the one shown in Fig. e) and f) into neutrinos

~7 c
]/,iL — VZLVJL 7VZR

2 (5.13)

For a tau sneutrino LSP, the contributions in Eq. are of the same order as
that in Eq. —, and therefore there are two dominant decay channels, those in
Egs. (5.13) and (5.12). The relative size between them depends on the values of the
gaugino masses M; and M, necessary to reproduce the correct neutrino physics as discussed
in Section |3.5, and the left sneutrino VEVs v;,. In Table 5.2, we see for example that
> i—eps BR(AS — 7EIF) = 0.55 vs BR(AY — vv) = 0.44.

As we will discuss in detail in the next section,scalar and pseudoscalar sneutrinos can be
produced in pairs at the LHC, and as a consequence, some of the above decay modes can give
rise to detectable signals. In particular, this is the case of diphoton plus missing transverse
energy (MET) from sneutrinos of any family combining the channel in Eq. with that
of Eq. , and diphoton plus leptons from tau sneutrinos combining the channels in
Egs. and . An interesting multilepton signal can also be produced combining
the decay channels for scalar and pseudoscalar tau sneutrinos in Eq. .

5.4 Detection at the LHC.

The dominant pair production channels of sleptons at Hadron colliders were studied in
Refs. [99, 100, 10T], 102, 103, 104]. In Figs.[7.1H5.3] we show the detectable signals discussed
above from a pair production at the LHC of sneutrinos LSP.The sparticles are denoted in
the figures by their dominant composition.

Concerning the sneutrino production,the direct one of e.g. Fig. occurs via a Z
channel giving rise to a pair of scalar and pseudoscalar left sneutrinos. As discussed in
Section [4.1] these states have essentially degenerate masses and therefore are co-LSPs. On
the other hand, since the left slepton in the same SU(2) doublet as the left sneutrino,
it becomes the NLSP, and its direct production and decay is another important source
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Figure 5.1: Dominant decay channels into diphoton plus neutrinos from a pair production
at the LHC of scalar and pseudoscalar sneutrinos LSP of any of the three families, 77 ,

with ¢ = e, u, 7. Filled circles indicate effective interactions.

of the sneutrino LSP. In particular, pair production can be obtained through a v or a Z
decaying into €;;¢é;; (Fig. [7.1b), with the sleptons dominantly decaying into a (scalar or
pseudoscalar) sneutrino plus an off-shell W* producing a soft meson or a pair of a lepton
and a neutrino (éfL — eji Uk '17172’1), which are usually undetectable. Besides, sneutrinos
can be pair produced through a W¥ decaying into éiﬂj . (Figs. —d), with the slepton
decaying as before.

Concerning the signals, we will study first diphoton plus MET arising from the produc-
tion and decay of a pair of sneutrinos 77}, 7% of any family, i = e, i, 7, as shown in Fig. .
Second, we will focus on other channels that can be produced via the v,, LSP, given the
large value of the tau Yukawa coupling. This is the case of diphoton plus leptons, and
multileptons, as shown in Figs. and [5.3] respectively.

These signatures for a sneutrino LSP are similar to the final states presented in several
analysis of ATLAS and CMS. In particular, those including photons plus MET /leptons
(see for example Refs. [127, 128, 129, 130, 131], 132]). However, these searches are designed
typically towards the production of colored sparticles in the context of R, conservation.
Therefore, the analysis normally requires a large amount of MET, several energetic jets or
a large effective mass. Thus, these searches are inefficient looking for events of direct pair
production of the sneutrino in our scenario.

We have also confronted all our BPs with LHC searches [128] 133] [134] 135}, 136}, 137,
138, [139] 140, 141, 142, 132] using CheckMATE 2 [143|, [144], [145] [146) 147, [148], and LEP
searches using HiggsBounds-4.3.1 [149, 150, 151], 152] 153]. In the case of the multilepton
signal, there exist generic searches for production of three or more leptons, which include
also signal regions with a low missing transverse momentum and total transverse energy
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Figure 5.2: Dominant decay channels into diphoton plus leptons (I = e, u, 7) from a pair
production at the LHC of scalar and pseudoscalar sneutrinos LSP of the third family v, .
Filled circles indicate effective interactions.

Table 5.6: Madgraph cuts. Pr is given in GeV.

Pr for jets |n| for jets Pr fore, u [n| for e, u Pr for v |n| for v
> 20 <5 > 10 < 2.5 > 10 < 2.5

(see Refs. [154] [155]). In these works, by lepton is meant e, p or hadronically decaying
7 (m,) candidate. These searches are close to be sensitive to our signal, and an updated
analysis with current data could put constraints on the sneutrino LSP scenario. Let us
finally remark that past collider searches in the context of trilinear I, couplings [156], (157,
158, 159, 160, 161, 162], 163, 164, 165] 166], 167, [168] are ineffectual for our scenario.

The strategy that we will follow for the analyses of the sneutrino signals in the yrSSM is
the following. Ten thousand events are generated for each case with MadGraph5_aMC@ONLO [113]
at leading order (LO) of perturbative QCD simulating the production of the described pro-
cess. We include the next-to-leading order (NLO) [103] and next-to-leading logarithmic
accuracy (NLL) [I69] results using a K-factor of about 1.2. The hard process simulation is
then passed for decay and hadronization to PYTHIA [I14]. The output is passed through a
naive and fast detector simulation (PGS) [I70]. The standard card for MadGraph5_aMCONLO
is used, which includes the cuts presented in Table 5.6 PYTHIA is executed with initial
state radiation (ISR), final state radiation (FSR) and multiple interactions switched on.
Besides, PYTHIA will consider the 7 lepton as stable to make it decay with the TAUOLA
[I71l, 172] routine within PGS. The package PGS is finally executed using a card designed for
ATLAS, as shown in Table[5.7] The output of PGS is passed through some selection criteria
to avoid overlapping and to discard the events outside the detector coverage according to
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Figure 5.3: Decay channels into multileptons (I = e, u, 7) from a pair production at the
LHC of scalar and pseudoscalar sneutrinos LSP of the third family v,,. Filled circles
indicate effective interactions.

Table 5.7: PGS configuration. ECAL and HCAL stand for Electromagnetic Calorimeter
and Hadronic Calorimeter, respectively.

n cells in calorimeter 81 ¢ cells in calorimeter 63

n width of calorimeter cells 0.1 ¢ width of calorimeter cells 0.09973
ECAL resolution 0.01 ECAL resolution xvE (GeV1l/2) 0.1
HCAL resolution xvVE (GeV'/?) 0.8 MET resolution 0.2
Calorimeter cell edge crack fraction 0.00 Jet finding algorithm anti-k¢ [147]
Calorimeter trigger cluster 3.0 Calorimeter trigger cluster 0.5
finding seed threshold finding shoulder threshold

Calorimeter k¢ cluster finder 0.7 Outer radius of tracker (m) 1.0

one size (AR)

Magnetic field (T) 2.0 Sagitta resolution (m) 5x 1076
Track finding efficiency 0.98 Minimum track Pr (GeV/c) 0.30
Tracking n coverage 2.5 e/gamma 7 coverage 3.0
Muon 7 coverage 2.4 Tau 7 coverage 2.0

Ref. [173]. That is, first candidate events should pass the requirements of Table 5.8 After
the previous process, overlapping objects are removed applying the following requirements
in this precise order: First, if two electrons as candidates are identified within AR = 0.05 of
each other, the one with lower transverse momentum (Pr) is discarded. Here AR is defined
as \/(A®)2 + (An)?, where A® is the difference in involved azimuthal angles while A7 is
the difference of concerned pseudo-rapidities. Then if an electron and a jet candidates are
within AR = 0.2 of each other, the jet is discarded. All remaining leptons are required to
be separated by more than AR = 0.4 from the closest remaining jet. Whenever an electron
and a muon candidates overlap within AR = 0.01, both are discarded. Also, if two muons
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Table 5.8: Event filtering. Pr is given in GeV.

Pr Inl Pr In] Pr Inl Pr bl Pr I
for jets | for jets | for e for e forp | forp | form, | for m, | for ~v for v
> 30 <45 > 15 <247 > 10 < 2.5 > 10 < 2.5 > 25 2.37
& outside & outside
1.37 — 1.52 1.37 — 1.52

Table 5.9: Analysis of the signal with diphoton plus MET from production and decay of
a pair of sneutrino co-LSPs of the type ., or v, corresponding to the BP in Table .
Production cross sections are shown in fb in the first box for a v, /7, mass of 125.4 GeV.
The number of events of the signal and background is shown in the second box, together
with the effect of a set of cuts, assuming 13 TeV centre-of-mass energy with £ = 300 b1
Energies, momenta and invariant mass are given in GeV.

o(pp — Z* — ha A9) 107.08
olpp = v*, Z* — Hf Hy — ha A+ W W,) 21.89
olpp = WE — HF ha/AY — ha A+ WEp) 142.8
o(pp — Z* — h3AY) 106.536
o(pp —v*, Z* — Hf Hy — haAS + W W) 20.12
olpp — WE" — HF h3/AJ — hsA + WEp) 142.4
Dataset Nev Emiss Pt P2 Ny=2 N =0 AR My €
> 200 > 100 > 50 <15 | [115,135]
Signal | 449.454+0.02 | 103.6+0.8 | 80.3+0.7 | 41.0+0.5 | 41.0+0.5 | 36.4+0.5 | 35.940.5 | 34.1+0.5
2jets 107 0 0 0 0 0 0 0
+I/FSR
jet 107 0 0 0 0 0 0 0
+1/FSR
H (ggF) 5424 0 0 0 0 0 0 0
Z+H 120.8+0.4 6.9£0.3 | 59+0.3 | 3.3£0.2 | 3.3£0.2 | 3.240.2 | 3.140.2 | 2.940.2
Z+ISR | 11310440 104411 97+10 3316 3346 3346 8+3 141
W+HFSR | 2.14 x 10° 60-£9 57+9 1344 1344 6+3 1.441.4 0
+76
2= — 7.9+£0.5 | 6.3£04 | 59+0.7 | 59+0.7 | 5.6+0.7 1042 1743

are separated by less than AR = 0.05, both are removed. 7’s as candidates are required to
be separated by more than AR = 0.2 from the closest e or u; otherwise they are discarded.
Finally, photons are required to be separated by AR = 0.4 from any reconstructed jet and
AR = 0.01 from any e [I74]. A similar process, with a higher number of events when
required by precision, is implemented to generate background samples at NLO.

Diphoton plus MET
The pair production of left sneutrinos can generate one scalar and one pseudoscalar, as
shown in Fig. [.I] This opens the possibility of the pseudoscalar sneutrino decaying into
neutrinos, i.e., producing MET, and the scalar sneutrino decaying into two photons in a
way not very different from the Higgs.

In what follows, we will discuss first the case of sneutrinos co-LSPs of the first two
families (Ter, 7,1) with masses of about 125 GeV as representative in order to search for a
signal. This is because the sensible range of masses turns out to be

118 <y, <132 GeV |

Y

(5.14)

in order to treat the sneutrinos as promptly decaying particles with a decay length <



67

Table 5.10: The same as in Table but showing the production cross sections and the
event sample generated with 14 TeV centre-of-mass energy.

o(pp — Z* — haA9) 119.95
o(lpp = v, Z* — H Hy — hQA + Wsofthoft) 25.43
olpp o> WE = Hi ha /A — ha A+ WZEL) 160.7
o(pp — Z* — h3AY) 119.83
o(lpp = v, Z* — H Hy — h3A + Wgofthoft) 23.35
olpp = WE = Hi h3/AY — h3 A+ W) 158.9
Dataset Nev Episs P P2 Noy=2 N, =0 AR My €
> 200 > 100 > 50 <15 [115,135]
Signal | 503.40+0.02 | 116.3+0.9 | 95.04+0.8 | 50.840.6 | 50.5+0.6 | 43.840.6 | 43.3+0.6 | 38.840.6
2jets 107 0 0 0 0 0 0 0
+1/FSR
jet 107 0 0 0 0 0 0 0
+1/FSR
H (ggF) 6104 0 0 0 0 0 0 0
Z+H 133.76 7.940.3 6.740.3 | 3.5+£0.2 | 3.5+£0.2 | 3.44+0.2 | 3.3+0.2 | 3.040.2
+0.01
Z+ISR 9284.91 90+3 82:+3 26+2 26+2 2542 8+1 1.240.3
+0.09
W+FSR 2370842 5749 5449 543 543 1.6+1.61 0 0
> — 9.340.5 8.0+0.4 | 87+0.7 | 874+0.7 | 81+0.6 | 13.0+0.8 19+1

0.1 mm. For the case of the tau sneutrino, v,,, where decay lengths of this order can be
obtained for masses 2> 95 GeV, the above mass range is still valid because outside it the

~Y

number of events turns out to be too small, as we will discuss below.

The case of 7., and v,, co-LSPs is shown in Table The cross sections for the
pair production of sneutrinos calculated by MadGraph5_aMC@ONLO 2.3.2.2 at LO for 13 TeV
centre-of-mass energy, including a K-factor of 1.2 for the NLO results, are shown in the first
box of that Table. The first, second and third rows of that box correspond to the diagrams
in Figs. [T.Th, and [7.1jc-d, respectively. Taking into account these values for the cross
sections, the BRs of the corresponding Table 5.1, and using an integrated luminosity of
L = 300 fb~!, we obtain a signal with about 449 events. Although this BP suffers from
a significant SM background mainly due to the Z+H channel which decays in a similar
way, we found that the number of expected events for the signal is still sufficient to give
a significant evidence. The effect of a set of cuts on missing transverse energy EXSS Pp
for the leading and sub-leading photons, a lepton veto, a maximum angular separation of
photons, and a selection cut on the invariant mass of the diphoton system, is summarized
in the second box of Table [5.9 . As a final result of the analysis, we obtain 34.1 0.5 events
with a significant evidence of = = 1743. For £ = 100 fb~! to be reached in Run 2 we just
have to rescale the number of events by a factor 1/3 and correspondingly the significance
by 1/ V/3. For completeness, we show in Table the results for this BP with 14 TeV
centre-of-mass energy.

Concerning the case of the v;, LSP of a similar mass, we can see in the fourth box of
Table that it has a significant BR to neutrinos. After a straightforward computation,
we obtain a number of events of 7.5+ 0.2. The background is the same as in Table 5.9 and
therefore we obtain \% ~ 3.8 = 0.6. This BP can also give rise to a signal with diphoton
plus leptons, to be analyzed subsequently, implying that a tau left sneutrino LSP could be
distinguished from electron and muon left sneutrinos co-LSPs. For the other v, masses
studied in Tables[5.3|and [5.4] although the BRs to neutrinos are still significant, the number
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Table 5.11: Analysis of the signal with two photons plus leptons from production and decay
of a pair of 7,1, LSPs, corresponding to the BP in Table[5.2] Production cross sections are
shown in fb in the first box for a v,;; mass of 126.4 GeV. The number of events of the
signal and background is shown in the second box, together with the effect of a set of cuts,
assuming 13 TeV of energy with £ = 300 fb~!. Momenta and invariant mass are given in
GeV.

a(pp — Z* — ha A9) 103.58
olpp = v*, Z2* — HY Hy — hoAY + WH W) 21.91
o(pp = WE — Hi ha/AY — ho A + WEL) 138.36
olpp = WE" — Hf ha — haho + W) 69.18
Dataset Nev P%i P%% N,=2 Nra=1& AR < 1.5 My, €
> 100 > 50 Neyiyraa > 1 [115,135]
Signal | 128.136+0.007 | 67.840.4 | 25.440.3 | 25.440.3 5.940.2 4.940.1 | 4.7+0.1
Z+H 73.26£0.06 | 35.440.3 | 10.040.3 | 10.0+0.3 0.5440.06 | 0.2140.04 | 0.21%0.04
W+H 151.240.5 71.340.3 | 19.940.1 | 19.940.1 0.2840.03 | 0.1440.01 | 0.13+0.01
Z+ISR 53949+40 1394+42 | 210+£17 210£17 7+3 0 0
WFSR | 714144204 | 8776+116 | 1922458 | 1922458 1745 0£0 0£0
== — 0.67+0.01 | 0.55+0.02 | 0.55%0.02 1.2+0.2 8.440.9 | 81%0.9

of events of the signal diphoton plus MET turns out to be too small to be detected.

The case with all sneutrinos degenerate in mass would give rise to a superposition of
the signals discussed so far. For instance, if the three families of sneutrinos have a mass
of 126 GeV, the number of events expected for the signal diphoton plus MET will be the
sum of both contributions discussed above, that is 41.6 & 0.5 events with a significance of
\/LE = 21+ 1. In addition, the signal with diphoton plus leptons, specific for the v, , would
also be present.

Diphoton plus leptons

For the case of the left sneutrino LSP dominated by the tau composition, v,r, another
expected signal is diphoton plus leptons, as shown in Fig[5.2] For this signal the adequate
range of masses turns out be

95 S mp,, S 145 GeV . (5.15)

For the lower bound, notice that the selection cuts used to discriminate the decay of the
sneutrino from the background require energetic photons and a large amount of missing
energy. Therefore, a sneutrino with a small mass would lead to a small boost of the
final photons and neutrinos. Thus reducing the mass of the sneutrino reduces the number
of events in the signal region, although the cross section increases. Moreover, when the
separation between the masses of the scalar left sneutrino and the SM Higgs is increased,
the BR to diphoton is decreased. Altogether, the number of events drops fast when the
mass of the left sneutrino is below 95 GeV. Actually, we already mentioned that about this
mass is also the limit where the LSP cannot be treated as a promptly decaying particle. On
the other hand, the decrease of the cross section for large sneutrino masses, and therefore
of the number of events, gives rise to the upper bound of 145 GeV.

The results for a sneutrino mass of about 126 GeV, similar to the one studied above,
are shown in Table [5.11] The discussion is similar to that above, although in this case we
do not have two families of sneutrinos with degenerate masses, and therefore the different
production mechanisms will only give rise to v,v,, thus reducing the number of events.
These are further suppressed by the BR(AS — 7%IF) compared to BR(AJ — vv) in the
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Table 5.12: The same as in Table 11 but for the BP in Table corresponding to a v,
LSP with a mass of 97.8 GeV.

a(pp — Z* — h1A9) 265.92
olpp = v*, Z2* — Hf Hy —h1 A + W W2, 42.67
olpp — W= — hihi/AY — hiAY + W) 325.2
olpp — W= — hihy — hihy + W) 162.6
Dataset Nev Py P2 N,=2 Nra=1& AR My, €
> 100 > 50 Neyuympaa > 1 <15 [85, 105]
Signal | 44.438+0.002 | 14.4+0.1 | 3.96£0.06 | 3.96£0.06 | 0.82£0.03 | 0.81£0.03 | 0.78+0.03
Z+H 73.26+0.06 | 35.4+0.3 | 10.0+£0.3 | 10.0+0.3 0.54£0.06 | 0.21:£0.04 | 0.03+0.01
WH 151.240.5 | 71.28+0.3 | 19.940.1 | 19.9+0.1 0.28+0.03 | 0.14:0.01 0£0
Z+ISR | 53949440 1394442 | 210+£17 | 210+17 7+3 0 0
WHFSR | 71415+£204 | 8776+116 | 1922458 | 1922458 1745 00 00
S/VB — 0.14 0.085 0.0085 0.1740.03 1.4+0.2 541
£0.002 £0.003 +£0.003

Table 5.13: The same as in Table but for the BP in Table [5.4] corresponding to a v,
LSP with a mass of 146 GeV.

o(pp — Z* — ha AY) 60.48
o(pp = v*, Z* — Hf Hy — hoAY + W W) 14.69
olpp = WE" — Hf ha/AY — hoAY + W) 87.24
o(pp — WE" — Hfhy — haho +WZEp) 43.62
Dataset Nev P%i P%% N,=2 Nrou=1& AR My €
> 100 > 50 Nepirrhaq > 1 <15 135, 155)

Signal 24.474+0.01 | 15.51£0.06 | 6.72+0.06 | 6.7240.06 1.684+0.03 1.094+0.03 | 1.01+£0.03
Z+H 73.261+0.06 35.440.3 10.0+£0.3 10.0+£0.3 0.54+0.06 0.21£0.04 | 0.034+0.01

W+H 151.2+0.5 71.3£0.3 19.940.1 19.940.1 0.28+0.03 0.14+0.01 0+£0
Z+ISR 53949+40 1394+£42 210£17 210£17 7+3 0 0
W+FSR | 714144204 8776+116 1922+58 1922+58 17+5 0+0 0+0
S/vVB — 0.153 0.145 0.145 0.34+£0.06 1.8+0.2 62

+0.002 +0.004 +0.004

case of v, , LSP. Nevertheless, this signal with photons plus leptons is very attractive and
worth to be searched at the LHC.

Now, a different set of cuts is taken into account for convenience, as shown in the second
box of Table [5.11} To distinguish the signal from the background in this case, instead of
using the missing energy coming from neutrinos, we require two leptons in the final state
of which one of them must be an hadronically decaying tau. Since every leptonic decay
of the tau sneutrino includes at least one tau, we expect to reduce significantly more the
background than the signal itself. Using an integrated luminosity of £ = 300 fb~!, we
obtain 4.7 + 0.1 events with a significant evidence of \% =38.14+0.9.

In order to confirm the range of sneutrino masses of about 95-145 GeV adequate to
observe this kind of signal, we have also analyzed in Tables and the two extreme
cases of about 98 and 146 GeV, respectively. Note that for both cases the BR of the scalar
sneutrino decaying into photons is suppressed with respect to the previous case of 126
GeV. Although for the case of 98 GeV, the cross sections are increased with respect to
the case of 126 GeV in Table the final products would have less Pr, and E7p, thus
the efficiency of the selection cuts would be smaller. We apply the same set of selection
cuts to the signal calculated with this new point as in the previous case, but selecting now
a new invariant mass window for the diphoton system of £10 around 98 GeV. The rest
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Table 5.14: Analysis of the signal with multileptons from production and decay of a pair
of v, LSPs. The number of events of the signal and background is shown, together with
the effect of a set of cuts, assuming 13 TeV centre-of-mass energy with £ = 20 fb~!. The
subindex [ in the dataset denotes leptonically decaying tops and gauge bosons. Three
possible masses of 7., 132, 146 and 311 GeV are analyzed, with the last two obtained

using the BPs of Tables and [5.5]

Dataset Ny >4 & Ny, >2 N, =0 THT< 20 GeV W-veto Z-veto %
tt 306 + 66 174 £+ 50 14414 040 0£0 -
tth 3+2 0+0 040 0+0 0+0 -
tttt 0.8+0.5 040 040 0+0 0+0 -
A% 1.240.3 0.6 +0.2 0.12 £+ 0.09 0.12+0.09 | 0.12+£0.09 -
Vv, 6+4 6+4 3+£3 3+3 3+3 -
vvv 241 0.8+0.8 0+0 0+0 0£0 -
tV, 15+5 14+5 8+4 8+4 8+4 -
tVV, 1.04+0.3 0.6 £0.2 0.10 £ 0.08 0.10 £0.08 | 0.10 £ 0.08 —
Total 334 + 66 196 + 64 25+ 15 11+5 11+5 -
Signal 132 GeV 36 +2 36 +2 20+ 2 17+1 16+1 4.8+2.2
Signal 146 GeV 68+ 3 66 + 3 37+2 31+2 29 4+ 2 8.8+ 4.0
Signal 311 GeV 18.24+0.5 17.94+0.5 8.94+04 7.6+£0.4 7.5+0.2 2.24+1.0

of the analysis is completely analogous, and the results are presented in the second box
of Table 5.12] For this extreme case we still obtain 0.78 £ 0.03 events with a significant
evidence of \% =5=£1.

Finally, to explore the largest possible value of the sneutrino mass, we have considered
the case of 146 GeV. We show the final results in Table[5.13] As can be seen, the production
cross sections are reduced with the increase of the mass. We are not considering points
with sneutrino masses larger than 146 GeV because the possible signal gets likely lost behind
the SM backgrounds. The results of the different selection cuts for this extreme case are
presented in the second box of Table [5.13] As a final result, 1.01 £ 0.03 events with a

significant evidence of \/ig = 6 & 2 are obtained.

Multileptons

For the tau left sneutrino, we can see in Tables [5.4] and that the BRs for the decay
~R

of the scalar state v~ into leptons are significant. This gives rise to a non negligible
number of events with both sneutrinos decaying into leptons, as shown in Fig [5.3] With
the appropriate analysis, these events could constitute a possible signal to be detected at
the LHC. Moreover, these decay channels of the LSP include always at least one 7, a feature
that can be exploited to unravel the signal.

The main backgrounds for this type of signature would be the production of top quarks
through the channels ¢t and tttt; the production of gauge bosons ZZ, WW and ZW; the
associated production of both ¢V, tV and tV'V; and the top associated Higgs production
tth. Since the proposed hard process would not produce quarks, we expect a hadronic
activity in the events significantly smaller than the one associated with background events
including a leptonically decaying top t;. We will show that it is possible to separate the
multilepton signal from the SM backgrounds. This is particularly true for sneutrinos with
large masses, since the produced leptons are then expected to be more energetic than the
ones produced in the decay of gauge bosons.

The Monte Carlo events generated and processed as in the previous signals, but in
this case with an integrated luminosity of £ = 20 fb~!, are analyzed and summarized in
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Table for three different sneutrino masses of 132, 146 and 311 GeV. Production cross
sections for the case of 146 GeV are already shown in Table For 310 GeV these are
much lower. At first we select events with at least 4 leptons with Pr > 100, 80, 40 and
40 GeV, respectively, requiring also at least two of them to be 7,’s. The second selection
rejects events with b-tagged jets in order to reduce backgrounds coming from top decays.
In the next step we reject events with a total transverse hadronic energy (THT) greater
than 20 GeV. Finally we apply a veto to the transverse mass and invariant mass of the light
leptons, compatible with the mass of the W and Z respectively. Summarizing the results
shown in Table it is possible to detect 7, in the mass range

130 < my,, <310 GeV | (5.16)

~Y

decaying leptonically with a significance \/iﬁ greater than 3.

Equations (5.14), (5.15)) and (5.16)) establish the adequate range of left sneutrino masses
for our analysis of the BPs introduced in Section [5.2] and Tables .145.5 As we can see,
the masses overlap in some ranges, and in these cases the corresponding BP can give rise
to different detectable signals.

5.5 Conclusions and outlook

We have carried out an analysis of the LHC phenomenology associated to the left sneutrino
LSP in the urSSM. We have studied the dominant pair production channels, prompt
decays, and the detection of the new signals.

As a result of the different behaviors of scalar and pseudoscalar sneutrino states, a
diphoton signal in combination with neutrinos (producing missing transverse energy), or a
diphoton with leptons, can appear at the LHC.

The former can be detected with a centre-of-mass energy of 13 TeV and the integrated
luminosity of 100 fb!, for a sneutrino LSP of any family in the mass range 118-132 GeV.
The diphoton plus leptons signal can be probed for the case of a tau sneutrino LSP with a
mass in the range 95-145 GeV.

We have discussed several benchmark points producing these signals, which undoubtedly
deserve proper experimental attention. We have also shown that the number of expected
events are capable of giving a significant evidence.

A multilepton signal from a tau sneutrino LSP can also appear detectable at the LHC
with a centre-of-mass energy of 13 TeV, even with the integrated luminosity of 20 fb=!. It
is possible to detect it in the mass range of 130-310 GeV. We have discussed that existing
generic searches at the LHC are close to be sensitive to this lepton signal, suggesting
that they deserve experimental attention. An updated analysis with current data could
constrain the sneutrino LSP scenario.

Displaced vertices of the order of the millimeter can appear for sneutrino masses < 100
GeV. Imposing in addition that the sneutrino mass is larger than 45 GeV, not to disturb
the experimentally well measured decay width of the Z, we have found that the number of
events can be large.

For example, more than 1000 multilepton events at the parton level from the production
and decay of a tau sneutrino pair can emerge for an integrated luminosity of 20 fb~!
and 13 TeV centre-of-mass energy. These events have the clear advantage that the SM
backgrounds are negligible and hence the signal significance is high. However, the analysis
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of displaced vertices turns out to be quite complicated, and dedicated studies are necessary.
The efficiency identifying events characterized by the presence of a displaced vertex has
a non-trivial dependence on the position of the vertex, as well as the number of tracks
and the mass associated to them, among others. Therefore, a reliable analysis requires a
precise simulation of the decay length, the boost of the long-lived particle, and the particles
produced in the secondary vertex. This analysis, in our model, is expected to depend on
the parameters correlated with neutrino physics and is clearly beyond the scope of the
present work, although this is cover in the next chapter.



74 CHAPTER 5. SEARCHING FOR LEFT SNEUTRINO LSP AT THE LHC



Chapter 6

Looking for the left sneutrino LSP with
displaced-vertex searches

In the present chapter, based on the work [92], we analyze a displaced dilepton signal
expected at the LHC for a tau left sneutrino as the lightest supersymmetric particle with a
mass in the range 45-100 GeV. The sneutrinos are pair produced via a virtual W, Z or v in
the s channel and, given the large value of the tau Yukawa coupling, their decays into two
dileptons or a dilepton plus missing transverse energy from neutrinos can be significant. To
probe the tau left sneutrinos we compare the predictions of the urSSM with the ATLAS
search for long-lived particles using displaced lepton pairs in pp collisions at /s = 8 TeV,
allowing us to constrain the parameter space of the model. We also consider an optimization
of the trigger requirements used in existing displaced-vertex searches by means of a High
Level Trigger that exploits tracker information. This optimization is generically useful
for a light metastable particle decaying into soft charged leptons. The constraints on the
sneutrino turn out to be more stringent. We finally discuss the prospects for the 13 TeV
LHC searches as well as further potential optimizations.

6.1 Introduction

As analyzed in section [4.4] a tau left sneutrino LSP with masses below 100 GeV decays
mainly to v and| 7¢. Moreover, the decay length is in general above 0.1 mm. Making the
signal potentially detectable in searches for long lived particles.

A promptly decaying sneutrino as the LSP was analyzed in the previous chapter, based
on Ref. [94], with a decay length < 0.1 mm. In this chapter we will analyze the interesting
case of displaced vertices of the order of the millimeter, generated by a sneutrino in the
range of masses 45 — 100 GeV. The lower bound is imposed not to disturb the decay width
of the Z. We will focus on the simplest case of the uvSSM with one right-handed neutrino
superfield discussed in Sec. [3.7, and leave the case of three families where all the neutrinos
get contributions to their masses at tree level for a forthcoming publication [175].

To probe the v, LSP, the dilepton displaced-vertex searches are found to be most
promising. We compare the urSSM predictions with the ATLAS search [I76] for long-lived
particles using displaced lepton pairs £¢ in pp collisions at /s = 8 TeV, which allows us to
constrain the parameter space of the model. Nevertheless, the existing searches [176], 177]
are designed for a generic purpose and thus not optimized for light metastable particles such

In what follows, the symbol ¢ will be used for an electron or a muon, £ = e, i1, and charge conjugation
of fermions is to be understood where appropriate.

5
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as the v,..We therefore consider also a possibility of improving these searches by lowering
trigger thresholds, relying on a High Level Trigger that utilizes tracker information. As
it turns out, this optimization is quite feasible and considerably improves the sensitivity
of the displaced-vertex searches. We also consider an optimization of the 13 TeV LHC
searches and show the prospects for investigating the pvSSM parameter space by searching
for the v, at the 13 TeV LHC run. Possibilities of further improvements for these searches
will also be discussed.

The chaper is organized as follows. In Section [6.2] we will introduce the phenomenology
of the v, LSP, studying its pair production channels at the LHC, as well as the signals.
These consist of two dileptons or a dilepton plus missing transverse energy (MET) from the
sneutrino decays. On the way, we will analyze the decay widths, BRs and decay lengths.
In Section [6.3], we consider first the existing dilepton displaced-vertex searches, and discuss
its feasibility and significance on 7, searches. Then, we study an optimization by using a
High Level Trigger with tracker information. We also show our prescription for recasting
the ATLAS 8-TeV result [176] to the case of the 7;. We then show the current reach of this
search on the urSSM parameter space based on the ATLAS 8-TeV result [I76], and the
prospects for the 13-TeV searches in Section [6.4, Our conclusions and prospects for future
work are presented in Section [6.5]

6.2 Tau left sneutrino LSP phenomenology

The dominant pair production channels of sleptons at large hadron colliders were studied
in Refs. [99, 100] 10T, 102, 103, 104]. In Fig. we can see the production channels at
the LHC for the case of the v, LSP which is the one interesting for our analysis. The
direct production of Fig. occurs via a Z channel giving rise to a pair of scalar and
pseudoscalar left sneutrinos. As discussed in previous chapters, these states have essentially
degenerate masses and are therefore co-LSPs. On the other hand, since the left stau is in
the same SU(2) doublet as the tau left sneutrino, it becomes the next-to-LSP (NLSP). The
mass splitting is mainly due to the usual D-term contribution. As explained in section
taking into account the particular values of tan § and the sneutrino mass (as well as the
loop corrections to sneutrino and stau masses), the typical mass difference is about 20-30
GeV.Thus the direct production and decay is another important source of the . LSP. In
particular, pair production can be obtained through a v or Z decaying into two staus, as
shown in Fig. , with the latter dominantly decaying into a (scalar or pseudoscalar)
sneutrino plus an off-shell W producing a soft meson or a pair of a charged lepton and
a neutrino. Besides, sneutrinos can be pair produced through a W decaying into a stau
and a (scalar or pseudoscalar) sneutrino as shown in Fig. [6.1d with the stau decaying as
before. The number of sneutrino pairs produced through these channels at 8 and 13 TeV
for integrated luminosities of 20.3 and 300 fb~!, respectively, are shown in Table

In Fig. , we also show the detectable decay of the pair-produced v, into 7¢/7. As
a result of the mixing between left sneutrinos and Higgses, the sizable decay of v, into 77
is possible because of the large value of the tau Yukawa coupling. Other sizable decays
into 7¢/7 can occur through the Yukawa interaction of 7. with 7 and charged Higgsinos,
via the mixing between the latter and ¢ or 7. To analyze these processes we can recall
the approximate formulas for the partial decay widths of the scalar/pseudoscalar tau left
sneutrino of Sec. [4.3.2] and adapt them for the one generation case. The one into 77 is
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(c) W channel

Figure 6.1: Decay channels into two 7¢/7, from a pair production at the LHC of scalar
and pseudoscalar tau left sneutrinos co-LSPs. Decay channels into one 7 ¢/7 plus neutrinos
are the same but substituting in (a), (b) and (c¢) one of the two vertices by a two-neutrino
vertex.

given by:
msg. H/A Y, 2
I'(v; — ~—— |\ Y2 =Y., ), 6.1
. ) T (il -, ) (6.1
where Y, = Y,,,, and Zf/4 is the matrix which diagonalizes the mass matrix for the

scalar/pseudoscalar Higgses (Hg, H,, Vg, v;) [63]. The latter is determined by the neutrino
Yukawas, which are the order parameters of the I£,. The contribution of A in the second
term of Eq. is due to the charged Higgsino mass that can be approximated by the
value of . The partial decay width into 7¢ can then be approximated for both sneutrino
states by the second term of Eq. with the substitution Y, — Y,,:

my A%
(- 70) ~ (YVZTT) | (6.2)

On the other hand, the gauge interactions of v, with neutrinos and Binos (Winos)
can produce also a large decay width into neutrinos, via the gauge mixing between these
gauginos and neutrinos. This partial decay width can be approximated for scalar and
pseudoscalar sneutrinos as

~ mg, 1
Z L(vy — vy =~ T E vZ, (6.3)
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Table 6.1: Number of sneutrino pairs produced through each of the channels shown on
Fig. 6.1bl at 8 TeV and 13 TeV with integrated luminosity of 20.3fb~! and 300 fb~!

respectively.

\ 8-TeV 13-TeV

mz. (GeV) | 50 60 80 100 50 60 80 100
Through Z boson | 66,357 22,370 6,095 2,448 | 1,794,242 622,800 179,750 75,567
Through W boson | 66,600 34,8690 12,838 5,915 | 1,860,483 997,200 385,558 184,750

Through 7, Z bosons | 6,585 3,954 1,703 851 | 226,283 139,367 62,550 32,683

with M a kind of average of Bino and Wino masses defined in Eq. (3.34). The relevant
diagrams for 7, searches that include this decay mode are the same as in Fig. [6.1] but
substituting one of the 7¢/7 vertices by a two-neutrino vertex.

Let us remark that other decay channels of the v, can be present and have been taken
into account in our numerical computation, but they turn out to be negligible for the
sneutrino masses that we are interested in this work. For example, decay to bottoms can
occur through a term similar to the first one of Eq. (6.1)with the substitution of Y, by Y.
As we will comment below and was discussed in Chapter [, this term is very small. In
particular, it is negligible with respect to the second one in Eq. which is present for
decays into leptons.

It is also worth noticing here that because the 7. in the urSSM has several relevant
decay modes, the LEP lower bound on the sneutrino mass of about 90 GeV [178] 179,
180, 18T, 16T, 162] obtained under the assumption of BR one to leptons, via trilinear &,
couplings, is not directly applicable in this case. We have checked that no constraint on
the 7, mass is obtained from these searches in the cases studied in this work. We have
obtained similar conclusions from LEP mono-photon search (gamma + MET) [182], and
LHC mono-photon and mono-jet (jet-+MET) searches [133| 134]. Concerning LEP searches
for staus [178, 179, 180} 18T, 161, 162], in the urSSM the left stau does not decay directly
but through an off-shell W and a .. Thus, searches for its direct decay are not relevant in
this model. On the other hand, the sneutrino mass can in principle be constrained using
searches for final states as those produced in the prSSM. However, we have checked that
this is not the case. For example, for the final state TuuvTuuy (see table , taking into
account, the value of the production cross section at LEP for a pair of left staus, and the
BRs of W into pv and 7, into 7v, no effective constraint is obtained in our scenario. For
the other possible topologies, with W into quarks or 7. into vv, the results of the analyses
turn out to be the same, as shown in table [6.2] It is straightforward to see there that our
scenario is unconstrained, even considering the most disfavored (and unrealistic) values for
the branching ratios, BR(# — ¢7) = 1 or BR(? — vv) = 1. In addition, we are not taking
into account the possible effect of the different geometry of the decays when comparing with
the final states considered in the searches, which are not originated in the same manner.

To analyze now the BRs into leptons, we have to focus on the decay channels where
the 7’s in the final state decay leptonically. Let us study e.g. the BR to upu, since the
ee channel can be discussed in a similar way, and the BR to ey fulfills BR(7, — ep) ~
BR(v; — pp) + BR(7; — ee) given that the BRs of the 7 decays into electrons or muons
(plus neutrinos) are similar ~ 0.17. To quantify roughly the value BR(v, — uu), we can
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Table 6.2: Possible topologies emerging from the production of a pair of tau left sneutrinos
from staus.In the last two columns the production cross section of the most constrained
signal, considering the worst-case scenario, is compared with the experimental upper limit.
The values BR(W — pr) = 0.1063, BR(W — ¢¢') = 0.6741, and BR(7 — pr) = 0.1739 are
used for the computation, as well as 1/4 as the maximum value of BR(? — ¢7) x BR(? —
2v). In order to simplify the notation, BR(# — ¢7) means the sum of the three BRs to e,
pt and 77, and the factor 1/3 are coming from considering the different channels.

Process Topology Signal upper crossection Exclusion
FEFF S o2(WE - ) 40+ 27 + Ep (0.13 pb) x (0.1063)2 [hep-ex/0310054] Fig.14
+2(5 — 1) xBR(# — £7)2 x (1)? 1.5x 1072 pb
<1.6x10~% pb
FEFF S 2WE = ) 30 +T+ET (0.13 pb) x (0.1063)2 x 2 [hep-ex,/0310054] Fig.18
+(0 =)+ (0 — 2v) xBR(7 — £1) x 1 x (0.1739) 2% 1072 pb
xBR(? — 2v) < 4.3 x 1072 pb
FEFF 5 2(WE = 1ty) 2+ Er (0.13 pb) x (0.1063)2 [hep-ex/0310054] Fig.6

+2(7 — 2v) xBR(# — 2v)?2 < 1.5 x 1072 pb 6 x 1072 pb
FEFF 5 (WE = 1+) 30+ 27 + jets + ET (0.13 pb) x 2 x (0.1063) [hep-ex/0310054] Fig.18
+(WE = q¢') +2(5 — 47) x(0.6741) x BR(? — £7)2 pb 2x 1072 pb

x(1)? <21x1073
(0.13 pb) x 2 x (0.1063)

EFF 5 (WE S 0Fy) 204 17 + jets +.Er [hep-ex/0310054] Fig.12

7':
+(W*E = q¢') + (0 — £1)
+(P — 2w)

%x(0.6741) x 2 x BR(D — £71)

xBR(7 — 2v) x (3)

<3.1x1073 pb

5x 1072 pb

FEFT — (W = +0)
+(WE — qq') +2(7 — 2v)

£+ jets + Er

(0.13 pb) x 2 x (0.1063)
x(0.6741) x BR(# — 2v)?
<1.9x1072 pb

[hep-ex/0401026] Fig.6
5x 10~2 pb

FEFF 5 2WE = qq')
+2(0 — 1)

204 271 + jets

(0.13 pb) x (0.6741)?
xBR(P — £1)? x (%)2
< 6.6 x 1073 pb

[hep-ex/0310054] Fig.12
5x 1072 pb

FEFT 5 2(WE = qf)
+(7 = 1) + (7 — 2v)

L+ 7+ jets + Ep

(0.13 pb) x (0.6741)?
x2 x BR(# — £7) x (%)

[hep-ex/0310054] Fig.12
5x 1072 pb

x(0.1739) x BR(# — 2v) pb
<1.7x1073
(0.13 pb) x (0.6741)2
xBR(7 — 2v) <6 x 1072 pb

FEFF 5 2WE — q¢')
+2( — 2v)

jets +.ET [hep-ex,/0310054] Fig.20

5x 10~ ! pb

use the following formula:

-1
BR (7, — 1) ~ 0.068 x (1 + g) , (6.4)

N A\ 2 2m,,
T (7) Y2M'
where we have neglected the first term in Eq. , which is a sensible approximation for
small sneutrino masses around 50 GeV provided that A is not large, and we have used the
neutrino mass formula discussed below Eq. , m, = Y, v?/4M, implying that the
decay width in Eq. can be written as (my, /16m)2m, /M. In addition, we have set all
neutrino Yukawas with a common value Y, in order to simplify the analysis. In what follows

we will continue with this strategy, which does not essentially modify the results. Now, in
the above equations and for typical values of the parameters such as e.g. Y, =5 x 1077,

with
(6.5)
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Figure 6.2: (a) BR versus M for the decay of a v, with mz_ = 60 GeV into uu; (b) Proper
decay distance ¢ of the v, versus M. In both plots (a) and (b), the neutrino Yukawas are
set to Y, = 5 x 1077, and several values of the coupling A are used such as A = 0.1, 0.2,
0.4, 0.6, 0.8, 1.

m, = 0.05 eV and M = 1 TeV, one obtains » = 0.4 and therefore a BR(v, — pu) < 0.06
for A > Y.
In this approximation, we can also write the proper decay distance as

% =2 73\ 2 AN\ e -1
~ 0.22 — — 1+ - = 6.6
ooz () () (45) (wew) o oo

obtaining ¢7 2> 0.2 mm for A > Y,. Thus the latter is a necessary condition on A in order
to obtain suitable displaced vertices. In fact, as we will see in the next sections, we will
need decay lengths larger than about a millimeter in order to be constrained by the current
experimental results.

To compute numerically the mass spectrum and decay modes, we used a suitable mod-
ified version of the SARAH code [I0§] as well as the SPheno 3.3.6 code [111], 112]. As an
example, we show in Fig. the BR for the decay of a scalar sneutrino 7% with a mass
of 60 GeV into upu, for Y, =5 x 1077 (a similar figure is obtained in the case of the pseu-
doscalar 7). This is plotted as a function of M for several values of the coupling A. Values
of M smaller than 111.3 GeV are not considered since the v, would no longer be the LSP
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in favor of the gauginos. Other parameters, whose effect on the sneutrino decay properties
is less significant, as can be understood from previous formulas, are set to be x = 0.3,
tan f = 10, and i’/—% = 1350 GeV, throughout this work. Concerning the quantity Y, v? in
Eq. (6.3), this is determined using Eq. with the heavier neutrino mass fixed by the
experimental constraints in the range m, ~ [0.05, 0.23] eV, i.e. below the upper bound on
the sum of neutrino masses ~ 0.23 eV [124], and above the square root of the mass-squared
difference Am2,, ~ 2.42 x 1073eV? [125]. In Fig. [6.2h we chose as an example m,, = 0.05
eV. Finally, given the sneutrino mass formula in Eq. , there is enough freedom to tune
A,, in order to get the v, as the LSP with a mass of 60 GeV as in the case of Fig. [6.2h.
We can see in the figure that small values of A\ and large values of M favor larger BRs to
dileptons. These results can be easily deduced from Egs. and (6.5).

In Fig. , we show the proper decay distance ¢ of the I for the same values of the
parameters as in Fig. Large values of A and M favor larger decay lengths, as can be
understood from Egs. and . As mentioned before, we need decay lengths larger
than about a millimeter, and therefore for these values of the parameters the coupling is
constrained to be A > 0.2. For example, for A = 1 we can see that the upper bound on the
decay length is ¢ = 7 mm. However, large values of A also favor smaller BRs into leptons,
and therefore less stringent constraints on the parameter space. The interplay between
these effects will be analyzed in the next sections. In addition, the values of Y, and my_
also play an important role in the analysis. We can see in Eq. that smaller values
favor larger decay lengths. For example, for my_ = 60 GeV as in Fig. but Y, = 1077,
we have checked that the upper bound on the decay length is ¢7 = 20 mm for the case of
A=1. ForY, =5 x 107" as in Fig. but my = 80 GeV, the upper bound for A = 1
turns out to be smaller as expected, ¢t = 4 mm. Let us finally remark that Y cannot be
made arbitrarily small. because of the relation v; ~ Y"v, discussed in chapter (3, this would
imply that v; has to be also small coming into conflict with Eq. and the constraint
discussed above, m,, ~ [0.05,0.23] eV. Thus a reasonable range for Y,, is between 107¢ and
1077,

6.3 Long-lived particle searches at the LHC

As discussed in the previous section, a tau left sneutrino v, can decay into a pair of leptons
with a proper lifetime of 2 100 um (see Fig. , long enough to have a visible separation
from the production point. This signal can be compared with the searches for long-lived
particles at the LHC.

There are various long-lived particle searches at the LHC, and each of them aims at
a signature specific to a particular kind of particles. We thus first need to discuss which
search strategy is most sensitive to .. Since they are electrically neutral, we are unable to
use disappearing track searches or metastable charged particle searches to probe them. On
the other hand, as we have seen above, the decay products of the sneutrinos include charged
particles, and therefore we may detect the longevity of the sneutrinos by reconstructing
their decay vertices, using the charged tracks associated with the daughter particles. This
type of search strategies is dubbed as the displaced-vertex searches.

Both the ATLAS and CMS experiments have been searching for displaced vertices. The
ATLAS 8-TeV analysis [176] searches for events containing at least one long-lived particle
decaying at a significant distance from the production point (2 1 mm), looking for decays
into two leptons or into five or more charged particles. The latter search channel focuses
on processes that produce a higher amount of charged particles and/or missing energy,
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compared with the decay of the .. We will however see below that the dilepton search
channel in the ATLAS 8-TeV analysis is general enough as to be sensitive to the decay of
the 7.. On the other hand, the current 13-TeV displaced-vertex search performed by the
ATLAS collaboration [I83] is optimized for long-lived gluinos, so it is not possible to use it
for our purpose. As for the CMS, the 8-TeV analysis presented in Ref. [I77] gives a limit
comparable to the ATLAS 8 TeV bound if the decay distance of sneutrinos is = 3 cm—
although this CMS search is in principle sensitive to shorter decay distances as the selection
cut requires |dy| < 1204 ~ 180 um (dy is the transverse impact parameter of tracks and
o4 is its uncertainty), their limits are terminated at a much larger value of ¢7 especially
for soft displaced vertices (see, e.g., Fig. 6 in Ref. [I77]). Given that the ATLAS 8-TeV
analysis provides bounds for smaller ¢ compared with those from the CMS study, to make
the discussions concrete, we focus on displaced-vertex searches with the ATLAS detector
in what follows.

The ATLAS displaced-vertex search in Ref. [I70] is based on the 8-TeV data with an
integrated luminosity of 20.3 fb™!. Among the various search channels studied in the
analysis, the dilepton displaced-vertex selection channel, where each displaced vertex is
formed from at least two oppositely-charged leptons, may be used for the long-lived v,
search. As we mentioned above, we focus on the decay processes of v, in which 7 leptons
in the final state decay into leptons, in order to utilize this selection channel.

In the dilepton displaced-vertex search, each event must satisfy the muon or electron
trigger requirement J| For the muon trigger, a muon candidate is identified only in the muon
spectrometer, without utilizing the tracking information, and required to have a transverse
momentum of pr > 50 GeV and the pseudorapidity of |n| < 1.07. For the electron trigger,
only a high-energy deposit in the electromagnetic calorimeter is required, again without
tracker requirements. This has a less effective background rejection performance compared
with the muon trigger, and thus a relatively strong criterion is imposed on the transverse
momentum of electrons: either a single electron with pr > 120 GeV or two electrons
with pr > 40 GeV. The events which have passed these triggers are then required to be
subject to the object reconstruction and filtering criteria. Finally, with the help of the
retracking procedure, a dilepton displaced vertex is reconstructed from two oppositely-
charged lepton tracks: p*u~—, ete™, or e*uT. Here, the lepton tracks are required to
satisfy pr > 10 GeV, 0.02 < |n| < 2.5, and dp > 2 mm (2.5 mm) for muons (electrons). In
addition, the invariant mass of the tracks, mpy, should be larger than 10 GeV. The position
of the reconstructed displaced vertices must satisfy rpy < 300 mm, |zpy| < 300 mm, and
\/ (xpv — zpv)? + (ypv — ypv)? > 4 mm, where the subscripts DV and PV indicate that
the corresponding coordinates are those of the displaced vertex and the primary vertex,
respectively. The effect of the first two conditions is almost negligible in our analysis since
the decay distance of sneutrinos is < 10 mm as shown in Fig. while the third condition
does affect our analysis, as we shall see below.

With these requirements, the ATLAS collaboration searched for dilepton displaced ver-
tices and found no event, while the numbers of background events are expected to be
1.0+£0.2708 x 1073, 2.4 £0.9798 x 1073, and 2.0 + 0.5703 x 1072 for the eTe™, e*uT, and
wpu~ channels, respectively. The dominant source of the background is accidental crossings
of independent lepton tracks. As we see, this search is basically background free. With
this result, strong limits were imposed on long-lived particles which decay into leptons.

We however cannot directly apply the limits provided by the ATLAS collaboration

2In the ATLAS search, the missing-energy and jets triggers are also used. These triggers are ineffective
in our setup.
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(Fig. 13 of Ref. [I76]) to the left sneutrino case, since the ATLAS analysis simulates the
decay of a heavy gluino into a light and a heavy neutralino. The former case represents a
highly boosted light particle decaying into a pair of muons, while the latter represents a
heavy non-boosted particle decaying in the same way. Yet, the sneutrino features a light
non-boosted particle. This analysis can be extended, nevertheless, combining information
from both situations by considering the fact that the difference in the strength of the
upper limits basically comes from the efficiency in passing the event selection requirements
(the decay products from a sufficiently heavy neutralino are so energetic that almost all
the events pass the selection criteria)E] while the position of the minimum of the limits
is determined by the boost factors of the neutralinos. Thus, what we can do is shifting
upwards the limit corresponding to the non-boosted neutralino to make its minimum to
coincide with the one of the line corresponding to the light boosted neutralino.ﬁ] The
resultant limit for the dimuon channel is displayed as a function of the decay distance cr
in the purple-shaded solid line in Fig. [6.3] We also show the limits corresponding to the
light boosted and heavy non-boosted cases in the green-hatched dotted and yellow-hatched
dash-dotted lines, respectively, which are taken from Fig. 13 (c) of Ref. [I76]. We analyzed
the limits for the ee and ep channels in a similar manner using Figs. 13 (a) and (b) in
Ref. [176], respectively, obtaining very similar plots. As seen from Fig. [6.3] the ATLAS
displaced-vertex search is sensitive to a decay distance larger than about a few mm. This
stems from the requirements that the impact parameter dy of the muon tracks be larger
than 2 mm and the transverse distance between the displaced vertices and the primary
vertices be larger than 4 mm, as we mentioned above. We will discuss a possibility of
relaxing these requirements later.

Another obstacle for the left sneutrino case is the trigger requirement. Since left sneu-
trinos we consider in this paper have a mass of < 100 GeV and are less boosted, their decay
products have relatively small momenta. On the other hand, the ATLAS 8-TeV analysis
requires rather high thresholds for lepton momenta, especially for electrons, since it aims at
generic long-lived particles such as metastable neutrinos produced by the decays of colored
particles. In particular, the events must satisfy the following requirements [176]:

e One muon with pp > 50 GeV and |n| < 1.07, one electron with pr > 120 GeV or two
electrons with pp > 40 GeV.

e One pair ete™, ptu~ or e*u® with pr > 10 GeV and 0.02 < |n| < 2.5 for each one.

To estimate the sensitivity of this search strategy, samples of simulated Monte Carlo (MC)
events are used to study the efficiency of the triggering and off-line selection processes for
signal events. In each event two sneutrinos are created in the pp collision as described
in Section All simulated samples are generated using MadGraph5_aMC@NLO 2.6.0 [113]
and PYTHIA 8.230 [184]. In particular, ten thousand events are generated for each case
with MadGraph5_aMCONLQO 2.6.0 at leading order (LO) of perturbative QCD simulating the

3In the ATLAS search [176], the light neutralino events can pass the trigger requirement since
the missing-energy and jets triggers are also used, but the vertex-level efficiency deteriorates for such
events. With keeping this in mind, we here assume that all of the neutralino events satisfy the trigger
requirements—the dilepton trigger for the heavy case and the missing-energy/jets trigger for the light
case—and the difference in the sensitivities originates from that in the vertex-level efficiencies. This as-
sumption is fairly reasonable since the leptons (jets) in the final state are very active in the heavy (light)
neutralino case.

4We however note that there is also an efficiency loss for a boosted system as the final state muons tend
to be collinear with each other, whose effect is not taken into account in this prescription. The neglect of
this effect thus results in a rather conservative limit.
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Figure 6.3: Upper limit at 95% confident level on the number of tau left sneutrinos decaying
into dimuons at /s = 8 TeV for an integrated luminosity of 20.3 fb~!, shown in the purple-
shaded solid line. We also show the limits given in Fig. 13 (c) of Ref. [I76], which we use
to obtain our limit: green-hatched dotted (yellow-hatched dash-dotted) line corresponding
to a light boosted neutralino of 50 GeV (heavy non-boosted neutralino of 1000 GeV) from
the decay of a heavy gluino of 1300 GeV.

Table 6.3: Cutflow of the selection requirements for v, — ppu, for the 8-TeV analysis with
integrated luminosity of 20.3 fb~!, where ey is the selection efficiency.

‘ Through Z boson ‘ Through W boson Through ~, Z bosons
my_ (Gev) | 50 60 80 100 | 50 60 80 100 | 50 60 80 100
PTyrigger 2,280 4,241 6,828 8,063 2,335 3,703 3,840 7,515 1,616 2,233 3,396 4,374
dilepton sel. | 1,069 2,096 3,517 4,333 1,135 1,881 3,740 3,968 1,550 2,150 3,273 4,208
€sel | 01069 0.2096  0.3517  0.4333 | 0.1135  0.1881  0.374  0.3968 | 0.1550  0.2150  0.3273  0.4208

production of the described process. We include the next-to-leading order (NLO) [103] and
next-to-leading logarithmic accuracy (NLL) [169] results using a K-factor of about 1.2. We
also use DELPHES v3 [I44] for the detector simulation. The effect of these selections for
different masses and for the three production processes at /s = 8 TeV with an integrated
luminosity of 20.3 fb™!, is shown in Tables and for the pup and pe channels, re-
spectively. The trigger requirement for electrons is too restrictive and makes the selection
efficiency for the dielectron channel to be a few percent level, and thus ineffective for light
sneutrino searches. In these tables, € is the selection efficiency for each case. Using these
results and the BRs discussed in Sec. [6.2] we can compute the prediction for the number of
decays v, — pp/pe passing the trigger and event selection requirements. Notice however
that € is not large.

The ATLAS 8-TeV search strategy discussed above is, of course, not optimized for the
present setup. Nevertheless, in principle it is possible to optimize the trigger requirements
for left sneutrino searches by relaxing the thresholds, as there are a variety of different lepton
triggers with lower momentum thresholds used in the ATLAS experiment. For instance, for
the muon trigger, the ATLAS 8-TeV analysis uses only the muon spectrometer and requires
pr > 50 GeV, as discussed above. On the other hand, the mu24i trigger [I85], which is
an isolated single muon trigger at the event-filter, also uses the information from the inner
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Table 6.4: The same as in Table but for v, — pe.

‘ Through Z boson ‘ Through W boson Through ~, Z bosons
my_ (GeV) | 50 60 80 100 | 50 60 80 100 | 50 60 80 100
thrigger 659 1,347 2,526 3,612 678 1,138 2,134 3,067 878 1,249 2,329 3,287
dilepton sel. 618 1,253 2,315 3,278 628 1,061 1,972 2,803 827 1,160 2,109 2,978
€sel ‘ 0.0618 0.1253 0.2315 0.3278 ‘ 0.0628 0.1061 0.1972 0.2803 ‘ 0.0827 0.116 0.2109 0.2978

Table 6.5: Cutflow of the selection requirements for v, — puu, for the optimized 8-TeV
analysis with integrated luminosity of 20.3 fb™!, where ey, is the selection efficiency.

‘ Through Z boson ‘ Through W boson Through ~, Z bosons
my_ (GeV) | 50 60 80 100 | 50 60 80 100 | 50 60 80 100
PTerigger 6,687 7,775 8,682 9,144 6,520 7,343 7,359 8,846 6,961 7,471 8,387 8,916
dilepton sel. | 6,637 7,707 8,589 9,027 6,409 7,198 7,229 8,594 6,701 7,288 8,151 8,647
€l [ 06637 0.7707  0.8589  0.0027 | 0.6409 0.7198  0.7229  0.8594 | 0.6701  0.7288  0.8151  0.8647

detector and requires the transverse momentum threshold of pr > 24 GeV.lﬂ With the help
of the inner detector information, this mu24i trigger has a good performance in a wider
range of the pseudorapidity of tracks, and thus we can also relax the requirement on n;
from |n| < 1.07 to |n| < 2.5 [185]. To exploit this trigger instead of that used in Ref. [170]
can significantly enhance the sensitivity to light sneutrinos, since the typical momentum
of muons from the sneutrino decays is a few tens of GeV. A side effect of the reduction of
the momentum threshold is, of course, an increase of the number of background events.
According to Ref. [I85], the enhancement in the number of events due to the relaxation of
the trigger requirement is expected to be ~ 10. Since the main background in the displaced-
vertex search is accidental crossings of uncorrelated lepton tracks [I76], we can estimate
the increase in the number of background events by scaling this according to the number
of events passing the trigger. Given that the number of background muon vertices in the
ATLAS 8-TeV search is as low as ~ 2 x 1073 [176], we can safely conclude that the number
of background events can still be regarded as zero even if we relax the trigger requirement
for muons. Another restriction we need to take into account is the requirement on the
impact parameter dy of muon tracks adopted by mu24i; |dy| < 1 cm is required [186], [187]
for the mu241i trigger, which indicates that the efficiency should be reduced for sneutrinos
with ¢ 2 1 cm. Nevertheless, this again causes a negligible effect on left sneutrino searches
in the present setup since the sneutrinos have a proper decay distance smaller than 1 cmﬁ
as shown in Fig. [6.2b] We therefore conclude that the use of the mu241i trigger instead of
the present one in Ref. [I70] is very powerful and promising for the left sneutrino searches.

We may also use a lower pr threshold for the electron trigger. However, we are unable to
estimate the increase in the number of background events in this case from, say, Ref. [18§],
since the plot does not show the corresponding trigger rate for pr > 120 GeV. Considering
this, in the following 8-TeV analysis, we only use the muon trigger with pr > 24 GeV
and consider the p™u~ and p*eT channels to be conservative. We however note that we
can certainly optimize the electron trigger as well, which indeed improves the sensitivity

5This trigger should also satisfy a loose isolation selection, the sum of the pr of tracks in a cone of
AR < 0.2 centered around the muon candidate after eliminating the muon transverse momentum (pr),
should be smaller than 0.12 X (pr),; this requirement is so loose that almost all isolated muons from the
Z-boson decays pass the criterion. Since the muons coming from the sneutrino decays are also expected
to be isolated, we can expect that this requirement scarcely affects the sneutrino event selection. For this
reason, we do not take account this effect in the following analysis.

6This is the reason why we show only a small ¢r region in Fig.



8 CHAPTER 6. L. FOR THE LEFT SNEUTRINO WITH DISPLACED VERTICES.

Table 6.6: The same as in Table but for v, — pue.

‘ Through Z boson ‘ Through W boson Through ~, Z bosons
my_ (Gev) | 50 60 80 100 | 50 60 80 100 | 50 60 80 100
thrigger 4,014 5,255 6,508 7,420 3,853 4,754 6,054 6,974 6,118 6,748 7,116 8,293
dilepton sel. 3,943 5,094 6,267 7,067 3,763 4,624 5,830 6,637 4,917 5,515 6,360 6,961
€sel ‘ 0.3943 0.5094 0.6267 0.7067 ‘ 0.3763 0.4624 0.5830 0.6637 ‘ 0.4917 0.5515 0.6360 0.6916

considerably and thus is worth a further dedicated study.
After all, we use the following criteria for the optimized 8-TeV analysis:

o At least one muon with pp > 24 GeV.
e One pair pup~ or e*u™ with pr > 10 GeV and 0.02 < || < 2.5 for each one.

The effect of these selections for different masses and for the three production processes, is
shown in Tables [6.5] and [6.6] for the pu and pe channels, respectively. We see that a sizable
number of signal events is expected to pass the selection criteria. We can compare these
results with those of Table [6.3] For instance, there e, ~ 0.11 is obtained for a 50-GeV
sneutrino produced via a Z-boson, whereas €5 ~ 0.66 is obtained in Table |6.5, with a
significant improvement in the event selection.

Table 6.7: Cutflow of the selection requirements for v, — pu, for the optimized 13-TeV
analysis with integrated luminosity of 300 fb~!, where e is the selection efficiency.

‘ Through Z boson ‘ Through W boson Through ~, Z bosons
my_ (Gev) | 50 60 80 100 | 50 60 80 100 | 50 60 80 100
pr, 5,797 7,011 8,077 8,581 5,643 6,539 7,587 8,281 5,885 6,634 7,716 8,316
trigger
dilepton sel. | 5,739 6,941 7,995 8,469 5,587 6,411 7,384 8,020 5,705 6,459 7,485 8,000
€sel | 0.5739  0.6941  0.7995  0.8469 | 0.5587  0.6411  0.7384  0.8020 | 0.5705  0.6459  0.7485 0.8
Table 6.8: The same as in Table but for v, — pe.
‘ Through Z boson ‘ Through W boson Through ~, Z bosons
my_ (Gev) | 50 60 80 100 | 50 60 80 100 | 50 60 80 100
PTorigger 5,344 6,386 7,458 8,149 4,929 5,751 6,961 7,698 6,836 5,971 6,912 7,698
dilepton sel. | 4,312 5,203 6,138 6,718 3,901 4,652 5,647 6,226 3,089 4,883 5,629 6,257
€sel | 04312 05203  0.6138  0.6718 | 0.3901  0.4652  0.5647  0.6226 | 0.3089  0.4883  0.5629  0.6257

We also study the prospects for the 13-TeV LHC run. Since we do not have any
dedicated searches for dilepton displaced vertices with the 13-TeV data so far, we just
assume background-free in our estimation. Again, we consider an optimization of the
trigger requirements in the 13-TeV analysis using the existing result for the performance of
the ATLAS trigger system [189], taking account of the trigger rate for the 8-TeV analysis.
Since the trigger rate for mu24i is < 100 Hz [I85], we expect a sufficiently low background
as long as the trigger rate in the 13-TeV searches does not exceed about 100 Hz. According
to Ref. [189], a pr threshold of 26 GeV [190, 191] for both muon and electron ensures the
trigger rate to be < 100 HZD These triggers again rely on the use of the inner trackerﬁ and

"Given a higher instantaneous luminosity (~ 2 x 10%* cm™2s7!) compared with those considered in

Ref. [189], the momentum threshold is raised from the ones in Ref. [I89] so that the trigger rates are kept
at a similar level.
8For the tracking performance in the 13 TeV run, see Ref. [192].
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Table 6.9: The same as in Table but for v, — ee.

‘ Through Z boson ‘ Through W boson Through ~, Z bosons
my_ (GeV) | 50 60 80 100 | 50 60 80 100 | 50 60 80 100
PTrigger 4,724 5,766 6,892 7,633 4,177 4,943 6,046 6,750 4,414 5,132 6,018 6,836
dilepton sel. | 1,886 2,413 3,011 3,428 1,627 1,996 2,476 2,797 1,868 2,200 2,739 3,089
€sol [ 0.1886  0.2413  0.3011  0.3428 | 0.1627  0.1996  0.2476 _ 0.2797 | 0.1868  0.2200 _ 0.2739 _ 0.3089

thus are effective in the region of |n| < 2.5. With this observation, we use the following
criteria for the 13-TeV analysis:

e At least one electron or muon with pt > 26 GeV.
e One pair up~, ete, or etpuT with pr > 10 GeV and 0.02 < || < 2.5 for each one.

The effect of these selections for different masses and for the three production processes at
Vs = 13 TeV with integrated luminosity of 300 fb~!, is shown in Tables , and
for the juu, pe, and ee channels, respectively] We however note that a more elaborate
optimization may be considered; for example, we may also use the dilepton triggers, which
may be more effective since we can lower the momentum threshold for these triggers [189).
In any case, to use a High Level Trigger with inner-detector information is technically quite
feasible and expected to result in a considerable improvement in displaced-vertex searches.
We also note in passing that this possible improvement is not only for the ATLAS analysis
but also for the CMS one [I77], where again tracker information is not used in the trigger
requirement.

Now we discuss how to obtain the limits for light sneutrinos. The limits from the
ATLAS search [176] can be translated into a vertex-level efficiency, taking into account the
lack of observation of events for any value of the decay length. Therefore, €y (cT) can be
obtained as the ratio of the number of signal events compatible with zero observed events
(which in this case is 3) and that corresponding to the upper limits given in Ref. [176] (with
an appropriate modification described above); for example, we can use the purple-shaded
solid line of Fig. to obtain the vertex-level efficiency e/i(¢7) for the dimuon channel.
By multiplying the number of the events passing the trigger and event selection criteria,
which is computed above, with this vertex-level efficiency, we can estimate the total number
of signal events; for the 8-TeV case, this is given for the pu channel by

#Dimuons = [a(pp -7 = ﬁTﬁT)eSZel +o(lpp—> W — Dﬁ)eZVel +o(pp — 7,2 — ??)ezélz}
X Lx [BRETE - ) el (cr™) + BRGZ - pp) elty(er)] (6.7

where the selection efficiencies €Z;, €] and 6;;1Z are given in Tables and . The
same formula can be applied for the ey channel shown in Tables [6.4] and [6.6] using the
corresponding BRs, selection efficiencies, and vertex-level efficiencies (which turn out to be
similar). For the 13-TeV prospects the selection efficiencies for the three channels can be
found in Tables[6.7H6.9 and we use the same vertex-level efficiency as in the 8-TeV case and

assume zero backgroundm As a result, if this predicted number of signal events is above

9The efficiency of the ee channel is worse than the other channels due to the isolation requirement for
electrons implemented in the detector simulation with DELPHES v3 [144].

ONotice that in the 13-TeV long-lived gluino search [I83] the estimated number of background events is
still much smaller than zero, ~ 1072, which is similar in size to that in the 8-TeV search [176]. We therefore
expect that the background in the 13-TeV dilepton displaced-vertex search is also as low as the 8-TeV one.
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3 the corresponding parameter point of the model is excluded so that this is compatible

with zero number of events. o ] . ) _
We note in passing that the optimization strategy we have discussed in this section

is generically useful for the searches of other metastable particles which have a relatively
short lifetime and a small mass and whose decay products contain soft leptons. We thus

hope this kind of search strategies to be considered seriously in the LHC experiments.
Another possibility to improve the sensitivity is to search for shorter displaced vertices.

As can be seen from Fig. in some regions of parameter space, the decay distance
of a sneutrino is predicted to be < 1 mm, to which the current ATLAS search is less
sensitive. However, we may even probe such sub-millimeter region by relaxing the impact-
parameter requirements for lepton tracks as well as the condition on the reconstructed
position of displaced vertices, given the extremely low background in this search [I76]. In
fact, it is shown in Refs. [193] [194] for metastable gluinos that sub-millimeter displaced
vertices can be probed using the existing vertex-reconstruction technique, though this is
not directly applicable to the present case. Moreover, there are several existing searches
which are sensitive to sub-millimeter region [177, 195 196, 197]. In any case, to assess
the possibility of searching for shorter dilepton displaced vertices, a dedicated study with
a full consideration of the detector performance is required; we thus do not discuss this
possibility in this paper and hand this over to experimentalists.

6.4 Results

By using the method described in the previous section, we now evaluate the current and
potential limits on the urSSM parameter space from the displaced-vertex searches with the
8-TeV ATLAS result [I76], and discuss the prospects for the 13-TeV searches.

The 8-TeV current limits are given in Figs. [6.4 and [6.5, with the neutrino mass scale
fixed to be 0.05 and 0.23 eV, respectively, and all of the neutrino Yukawa couplings set to be
a common value Y,: 1077, 5 x 1077, and 107% GeV in the top, middle, and bottom panels,
respectively. The yellow, red, blue, and green lines correspond to the sneutrino mass of 50,
60, 80, and 100 GeV, respectively, with the bands representing the uncertainties that come
from those in Ref. [I76]. Notice that for these sneutrino masses, values of M smaller than
92.7, 111.3, 148.4, and 185.5 GeV, respectively, are not interesting for our analysis since
the tau left sneutrino would no longer be the LSP in favor of the gauginos. To obtain the
reaches, we have combined the results from the pp and ep channels. The region of the
parameter space inside each line is excluded from the displaced-vertex searches.

We can see in the top panel of Fig. , where Y, = 1077, that for mz_ = 50 GeV the
upper bound on the average gaugino mass M (see Eq. (3.39)) is of about 500 (900) GeV
for A = 0.1 (1). As discussed in Section [6.2] small values of A favor larger BRs, and as a
consequence the gaugino mass is more constrained. If A is too small, however, the limit on
M disappears since the lifetime of the left sneutrino goes into the sub-millimeter regime,
as can be seen from Eq. . On the other hand, small sneutrino masses produce larger
decay lengths, and gaugino masses turn out to be also more constrained. For example, for
my, = 50 and 60 GeV the upper bound on M for A = 1 is of about 700 and 1100 GeV,
respectively. In the middle panel, the larger value of the neutrino Yukawa Y, = 5 x 1077
gives rise to smaller decay lengths, and therefore the figures are shifted to the right with a
lower limit for A of about 0.3. The case of Y,, = 107% in the bottom panel is more extreme,
and the lower limit on A is now of about 0.7. Finally, in Fig. we show the same cases as
in Fig. but for the neutrino mass scale 0.23 eV. To increase the neutrino mass produces
an increase in the left sneutrino VEVs, and therefore the v, decay width into neutrinos
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is larger. As a consequence, its BR into leptons as well as its decay length are smaller
giving rise to less stringent constraints on the parameter space, as shown in the figure. In
particular, there is almost no constraint on the parameter space shown in the bottom panel
in Fig. [6.5]

The potential limits using the optimization of the trigger requirements explained in
the previous section, are shown in Figs. and [6.7 They turn out to be more stringent
than the previous ones without optimization. For example, we can see in the top panel
of Fig. that for mz_ = 50 GeV the upper bound on M is of about 200 (500) GeV for
A= 0.1 (1), to be compared with the ones of Fig. . Moreover, in the case of Y, = 107
and m, ~ 0.23 eV shown in the bottom panel in Fig. [6.7, now some limits are imposed
on light sneutrino masses, which can be compared to the bottom panel in Fig. [6.5. This
result indicates that the trigger optimization discussed above can significantly improve the
sensitivity of left sneutrino searches.

The 13 TeV prospects are illustrated in Figs. [6.8 and [6.9] Here, we combine the ppu,
ep and ee channels. As we can see, the constraints on the parameter space of the urSSM
turn out to be very strong. For example, in the top panel of Fig. and for A = 0.1, the
upper bound on M is as small as about 100, 200, and 350 GeV for my_ =~ 50,80, and 100
GeV. Such small M region would be probed in other strategies like ordinary electroweak
gaugino searches, which makes it possible to cover a considerable range of the parameter
space for the left sneutrino LSP with a mass in the range 45-100 GeV. Furthermore, now
it is possible to probe a wide range of the parameter space even for the heavier neutrino
mass case, m, ~ 0.23 eV, as shown in Fig[6.9) All in all, we conclude that the dilepton
displaced-vertex searches can be a powerful probe of the urSSM parameter space, especially
if we optimize them by making the most of the performance of the inner detectors of the
ATLAS and CMS experiments.
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Figure 6.4: Limits on the urSSM parameter space from the ATLAS 8-TeV displaced-vertex
search with an integrated luminosity of 20.3 fb~! [176], combining the pu and ey channels.
The region inside each colored line is excluded. The neutrino mass scale is fixed to be
m, ~ 0.05 eV, and the neutrino Yukawa couplings are set to Y, = 10~7, 5 x 1077, and 1076
in the top, middle, and bottom panels, respectively. The yellow, red, blue, and green lines
correspond to the sneutrino mass of 50, 60, 80 and 100 GeV, respectively.
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Figure 6.5: The same as in Fig. but with the neutrino mass scale fixed to m, ~ 0.23 eV.
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Figure 6.7: The same as in Fig. but with the neutrino mass scale fixed to m, ~ 0.23 eV.
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the text.
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Figure 6.9: The same as in Fig. but with the neutrino mass scale fixed to m, ~ 0.23 eV.
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6.5 Conclusions and outlook

We have analyzed the sensitivity of the displaced dilepton searches at the LHC to a tau
left sneutrino LSP with a mass in the range 45-100 GeV in the framework of the prSSM.
The sneutrino LSP is produced via the Z-boson mediated Drell-Yan process or through the
W- and 7/Z-mediated process accompanied with the production and decay of the left stau
NLSP. Due to the R, violating term present in the urSSM, the left sneutrino LSP becomes
metastable and eventually decays into the standard model leptons. Because of the large
value of the tau Yukawa coupling, a large fraction of the sneutrino LSP decays into a pair
of tau leptons or a tau lepton and a light charged lepton, while the rest decays into a pair
of neutrinos. It is found that the decay distance of the left sneutrino tends to be as large
as = 1 mm, which thus can be a good target of displaced vertex searches. We have found
that the displaced dilepton search channel is most sensitive to the sneutrino LSP, where
at least one of the pair-produced left sneutrinos is required to decay into 77 or 7¢ with
the final-state tau leptons decaying leptonically. To evaluate the prospects of this search
strategy, we recast the result of the ATLAS 8-TeV dilepton search to obtain the potential
limit on the urSSM parameter space from the 8-TeV LHC data. It is found that even the
present data set potentially gives a constraint on the left sneutrino LSP, especially when
the Yukawa couplings and mass scale of neutrinos are rather small. We have also discussed
an optimization of the trigger requirements exploited in the ATLAS search based on a High
Level Trigger that utilizes the tracker information. It turns out that this optimization can
considerably improve the sensitivity of the displaced dilepton search. Moreover, we have
estimated the potential limits obtained at the 13-TeV LHC run and found that wide range
of the urSSM parameter space can be probed at the LHC Run 3.

As mentioned above, we may consider further optimization for the sneutrino LSP search.
Given the low background in the dilepton displaced-vertex search, we may relax the con-
dition on the impact parameter of lepton tracks used for the reconstruction of displaced
vertices, as well as that on the reconstructed position of displaced vertices. With such a
relaxation, it may be possible to detect sub-millimeter dilepton displaced vertices, which
allows us to probe sneutrinos with a shorter lifetime. A further optimization for the trig-
ger requirements is another interesting option to improve the potential of this search. For
instance, we may also use the dilepton triggers, which accommodate a lower momentum
threshold. Such optimizations highly rely on the detector performance and thus a more
dedicated study is required to assess their prospects.

Displaced sneutrino decay signature is useful not only for its discovery but also for
the determination of parameters relevant to the sneutrino decay properties. For example,
measurement of the lifetime of the sneutrino LSP through the reconstruction of displaced
vertices allows us to constrain the parameters in Eq. , such as Y,, M, and A. In
addition, it is in principle possible to measure the mass of the sneutrino LSP since it can
decay into visible particles such as 77 and 7¢; by using hadronically decaying tau leptons,
we may fully reconstruct the momenta of the final-state leptons. Although this may be
rather challenging, it is worth investigating this possibility in the future.

In this work, we focus on the simplest case of the pSSM with one right-handed neutrino
superfield. Of course, the metastable left sneutrino can also appear if we introduce three
right-handed neutrinos so that they give masses to light neutrinos at tree level. In this case,
the sneutrino couplings should be chosen so that the neutrino oscillation data is reproduced,
which may have some implications for the sneutrino decay properties. Another interesting
possibility is to consider a different LSP, which can be again long-lived due to the small
R, violation. In particular, a colored LSP such as the stop LSP may be interesting as its
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production cross section is quite large at the LHC. Even in this case, we may still probe
it by searching for, e.g., multi-track displaced vertices. These subjects will be discussed in
another occasion [175].



Chapter 7

Electroweak superpartners scrutinized
at the LHC in events with multi-leptons

The present chapter is based on the work [198] were we analyze a multi-lepton signal plus
missing transverse energy from neutrinos expected at the LHC for a bino-like neutralino as
the lightest supersymmetric particle (LSP), when the left sneutrino is the next-to-LSP and
hence a suitable source of binos. Left sneutrinos/sleptons are pair produced at pp collisions
decaying to binos, with the latter decaying via RPV to W/ or Zv.

This signal can be compared with LHC searches for electroweak superpartners through
chargino-neutralino production. The reduced cross section of the sneutrino/slepton produc-
tion in comparison with the one of the latter process, limits the sensitivity of the searches
to small sneutrino/slepton masses. Although the resulting compressed spectrum typically
evades the aforementioned searches, we show that analyses using recursive jigsaw recon-
struction are sensitive to these scenarios. As a by-product, we find that the region of bino
masses 110 — 120 GeV and sneutrino masses 120 — 140 GeV can give rise to a tri-lepton
signal compatible with the local excess recently reported by ATLAS.

7.1 Introduction

The phenomenology of the left sneutrino as the LSP in the purSSM has been analyzed
in Ref. [94]. In particular, the pair production and prompt decays of sneutrinos/sleptons
producing signals with diphoton plus missing transverse energy (MET) from neutrinos,
di-lepton plus MET, and multi-leptons, in the range of 100 GeV to 300 GeV, was studied.
Displaced-vertex decays of the sneutrino LSP have also been recently studied in Ref. [92]
through signals with di-lepton pairs, covering senutrino masses between 45 and 100 GeV.
The phenomenology of a neutralino LSP was analyzed in the past in Refs. [706] [77, [81], [80].

In this chapter, we analyze the interesting case when the bino-like neutralino is the
LSP, with the sneutrino the next-to-LSP (NLSP). Thus the decays 7 — vx° and ¢ — ¢x°
dominate over the RPV ones, which are suppressed by the smallness of Y,,. Thereby pair
production of sneutrinos/sleptons at the LHC will be a source of bino pairs. Subsequently,
binos will decay via RPV couplings to W/ or Zv, giving rise to signals with multi-leptons
plus MET from neutrinos. We will compare these urSSM signals with recent searches for
electroweak superpartners at the LCH using an integrated luminosity of 36.1 fb~!, through
chargino-neutralino pair production in R-parity conserving (RPC) models [105, 107]. We
will obtain that the reduced cross section of sneutrino/slepton pair production in com-
parison with the latter, makes these searches insensitive if the mass of the sneutrinos is

99
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large. However, for a small sneutrino mass, the small difference with the masses of the
gauge bosons and binos makes these searches also ineffective. We will show neverthe-
less, that there exist optimized ATLAS analyses [199] to detect chargino-neutralino pair
production in the MSSM when the mass spectrum is compressed, that have a promising
sensitivity to our scenario. In fact, we will also obtain regions of bino and sneutrino masses
in the urSSM producing a tri-lepton signal compatible with the local excess reported by
ATLAS [199], where it was studied in the context of simplified RPC models, assuming
wino-like chargino-neutralino production with a bino-like LSP. This scenario was further
elaborated in Ref. [200] including dark matter constraints and the measured anomalous
magnetic moment of the muon.

The chapter is organized as follows. In Section [7.2] we will introduce the phenomenology
of the bino-like LSP with the sneutrino as the NLSP, studying their relevant pair production
at the LHC, as well as the signals. On the way, we will analyze the decay widths, BRs and
decay lengths of the bino. In Section we will consider the recent ATLAS searches for
multi-leptons plus MET, and discuss their feasibility and significance on bino searches in
the uvSSM. We will also show our prescription for recasting the ATLAS result [199] to the
case of the sneutrino-bino scenario. We then will show the prospects for the 100 and 300
fb~! searches in Section Our conclusions are presented in Section

7.2 Bino-like LSP phenomenology

The pair production cross section of bino-like neutralinos at large hadron colliders is very
small, since there is no direct coupling between the bino flavor state and the gauge bosons,
and we are assuming that the rest of the spectrum remains decoupled. Binos are produced
mainly through virtual Z bosons in the s channel exploiting their small Higgsino flavor com-
position, or through the t channel interchange of virtual first generation squarks, strongly
suppressed by their large masses. Nevertheless, the bino-like LSP can be produced in the
decay of other SUSY particles, which although heavier, have a higher production cross sec-
tion at the LHC. That is the case when the left sneutrino is the NLSP. After production,
the left sneutrinos decay to the bino LSP.

The dominant pair production channels of sleptons at hadron colliders were studied in
Refs. [99, 100, 101, 102, 103], 104]. The main production channels at the LHC are through
a virtual Z boson on the s channel for the pair production of scalar and pseudoscalar
left sneutrinos v, a virtual W boson for the production of a left slepton and a (scalar or
pseudoscalar) sneutrino (i, and both virtual Z and v for the pair production of left sleptons
0. Note that although the left sneutrino is lighter than its corresponding left slepton as
discussed in the Introduction, since the mass separation is always smaller than my,, the
phase space suppression makes the decay (— X" + ¢ dominant.

In Fig. we show the production channels as well as the decay of the sneutrino and
slepton to produce the bino LSP. The right sleptons can be also a source of bino LSP at the
LHC. If their masses are similar to the ones of the left sleptons, an additional diagram as the
third one of Fig. will be present. However, the production cross section corresponding
to this extra diagram is significantly smaller than for those shown in Fig. [7.I] Altogether,
the number of binos produced after the decay of right sleptons is around a tenth of the
number produced through left sneutrinos/sleptons.

If the mass of the bino-like neutralino lies between the Higgs and Z masses, the possible
two body decays are to W¢ and Zv, as shown also in Fig. [7.I] There we only depicted
the decay of each neutralino pair to W and Z, and the leptonic decays of the latter. Note
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Figure 7.1: Relevant diagrams of the benchmark prSSM scenario of RPC left sneu-
trino/slepton pair production, followed by the RPV decay of the bino-like LSP, x°.
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that both neutralinos can also decay to Z or W indistinctly, and that the hadronic decay
of the W boson, as well as the invisible decay of one of the Z’s, contribute to the signal
of leptonic searches, in addition to the diagrams displayed. The bino decays are mediated
through the RPV mixing between the bino and neutrinos. Although three body decays
involving virtual Higgs boson or other virtual heavier scalars are possible, all of them suffer
from kinematic suppression. Thus the relevant diagrams will be the two body decays, and
approximate formulas for the partial decay widths are as follows:

2
2 2 2 2
gm0 miy m;(o ‘ v
I: ~ 1— 1 U? 7.1
XO—We l6m < méo) < + 2m‘24/> Bu| (7.1)
2 2\’ m2 2
gamso my 0 ‘ v
. S~ — ] - 1 U? , 7.2
X2 167 cos? Oy ( m%) ( + 2m2Z> Bui (7:2)
X

where UV is the matrix that diagonalizes the mass matrix for the neutral fermions [63], [94].

If we neglect the kinematic factors, and sum over the two light families of leptons,
Cioswe/Tgosz, = 2 cos? Oy. Thus the decay to W/ will always be at least about a factor
of 1.5 larger than the decay to Zv. On the other hand, when the mass of the LSP is close to
the masses of the gauge bosons, the difference in mass can have a significant impact on the
relative size of the partial widths through those kinematic factors. All in all, for values of
the left sneutrino VEVs that produce an acceptable mass scale for neutrinos, and given the
small value of M, Egs. and predict widths > 5 x 10713 GeV corresponding to
cr < 0.3 mm. This is short enough to expect most of the decays to happen inside the fiducial
region defined by the values of the transverse impact parameter (d)") and the longitudinal
impact parameter (22'") relative to the primary vertex, considered in prompt ATLAS and
CMS searches. Subsequently, the W and Z bosons will decay promptly producing leptons,
neutrinos or jets. Thus the neutralino could be detectable in events including leptons, jets
and/or MET.

Note that if the mass of the LSP drops below the mass of the W boson, its decay is still
possible and will proceed through three-body decays mediated by off-shell gauge bosons
and scalars. The total width will be in this case smaller, due to the reduced phase space,
and will lead to leptons and/or quarks originated at displaced vertices. This signal cannot
be tested with the usual sparticles searches, but rather with dedicated analysis. The study
of this possibility, although interesting, is beyond the scope of this work.

If the mass of the bino-like neutralino is larger than the one of the Higgs boson, the
decay ¥° — hv is also possible, with the dominant diagram mediated by the sneutrino-

Higgs mixing. The approximate formula for the corresponding partial decay width is given
by:

2 2
_ gimgo mp, 72
Do & == [ 1= (m>20> Zo| (7.3)

where Z is the matrix that diagonalizes the mass matrix for the neutral scalars [63], [94].
On the one hand, the relative size of the decay of neutralino to Higgs compared to the decay
to gauge bosons, is suppressed by the kinematic factors when mg 2 my. On the other
hand, the contribution of the sneutrino-Higgs mixing is not necessarily small compared
with the bino-neutrino mixing. As discussed in detail in Ref. [94], this mixing can be
enhanced when the mass separation between m; and myo is small, and as a result, in this
case the decays of neutralinos to gauge bosons is smaller. Although we take into account
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the channel ¥° — hv in our numerical computation, from the perspective of the searches
for the neutralino at the LHC using events with leptons, it is not useful since the BR of
the Higgs boson to light leptons is small.

7.3 Electroweak searches at the LHC

As shown in the previous section, the production and decay of the sneutrino (and slepton)
NLSP when the neutralino is the LSP can produce signals including up to six leptons plus
MET. These uvSSM signals can be compared with searches for electroweak SUSY partners
at the LHC.

The ATLAS analyses [105] and [107] use an integrated luminosity of 36.1 fb™! of proton-
proton (pp) collision data delivered by the LHC at a center-of-mass energy of 1/s = 13 TeV,
to search for events with two or three leptons and four or more leptons, respectively. The
former analysis targets direct chargino/neutralino and slepton production in R-parity con-
serving (RPC) models, whereas the latter includes the study of simplified R-parity violating
(RPV) scenarios with a lepton-number violating term [58], targeting direct production of
chargino/neutralino, slepton/sneutrino, and gluinos.

In the case of sleptons/sneutrinos analyzed in Ref. [107], the result puts a lower bound
of 1.06 TeV on their masses assuming a single RPV channel available for the decay of the
neutralino LSP. Although this assumption is allowed in simplified trilinear RPV scenarios,
it is not in fact possible in the purSSM where the small BRs of the leptonic decays of the
gauge bosons contribute to the computation. We have checked that no constraint on the
sneutrino/slepton mass is obtained from these searches in the cases studied in this work.

The ATLAS analyses also use a moderate to large amount of MET to discriminate
against backgrounds, thus they are not sensitive to a compressed spectrum where this
amount is not large. Production cross sections for chargino/neutralino pairs at the LHC [201]
202] are much larger than the production cross sections for slepton pairs [169]. Thus the
kinematic requirement for a mass separation between sleptons and neutralinos to have
enough MET, forces the sleptons in the urSSM to have masses where the expected number
of pairs produced at the LCH is not enough to obtain bounds.

A novel approach for the identification of events coming from the production of sparticles
in compressed spectra, where the decay products carry low momenta, is the recursive jigsaw
reconstruction (RJR) technique [203, 204]. This has made possible to design competitive
searches for chargino-neutralino pairs even in scenarios where the mass splitting is close to
the mass of the gauge bosons [199]. As we will analyze below, the same analysis can be used
to put constraints on the slepton/sneutrino NLSP pair production when the neutralino is
the LSP in the urSSM.

The ATLAS chargino-neutralino search using RJR in Ref. [199] is based on the 13-
TeV data with 36.1 fb~1. All the search channels analyzed require two or three leptons
originated from the decay of the gauge bosons plus MET. The different signal regions are
optimized to target specific mass splittings between the produced chargino-neutralino and
the neutralino LSP, for which the initial state radiation (ISR) signal regions are designed
to maximize the sensitive to the case where Am = Mgt g0 — Mo is in the range between
100 and 160 GeV. Since the production cross section of the left sneutrino/slepton is much
smaller than the chargino-neutralino one, the ISR signal regions have the largest sensitivity
to the mass range where the production cross section is not negligible, and mgo 2 mz.

In the ISR signal regions, the events have to fit in the “compressed decay tree” described
in Ref. [199]. A signal sparticle system S decays to a set of visible momenta V and invisi-
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Region  mu [GeV] mlf [GoV] Aofl,  Risn o5 [GeV] o5 [Gev] pG [Gev)
SR3¢_ISR € (75,105) 100 =20 € (0.55,1.0) ~100 80 ~25

Region  myz [GeV]  my [GeV]  A¢Fdf Risr pSMop [GeV]  p$M [GeV] pSM [GeV]
SR2/ ISR € (80,100) € (50,110) ~2.8 € (0.4,0.75) 180 ~100 =20

Table 7.1: Selection criteria for the 3¢ ISR and 2¢ ISR signal regions. The variables are
defined in Refs. [199] and [203].

ble momentum I recoils from a jet-radiation system ISR. The preselection criteria require
exactly three light leptons (electron or muon), and between one and three non b-tagged

jets. The transverse momentum of the leptons must fulfill p?/ * > 25 and pgi” > 20 GeV.
The selection criteria applied to the events after preselection are given in Table

At first at least one same-flavor opposite sign (SFOS) pair is required, and from the
formed SFOS pairs the one with invariant mass closest to My should be in the range
(75,105). The remaining lepton is used to construct the WW-boson transverse mass, m}

as follows:

mlf = /2 Bpiss(1 — cos Ag) (7.4)

where A¢ is the azimuthal opening angle between the lepton associated with the W boson
and the missing transverse momentum. After that, the following variables are used as
discriminant:

o p¢M .. The magnitude of the vector-summed transverse momenta of the jets assigned
to the ISR system.

o p$M: The magnitude of the vector-summed transverse momenta of the invisible sys-
tem.

p$M: The magnitude of the vector-summed transverse momenta of the CM system.

o Risp = pM - pGM /pSM: Serves as an estimate of mx?/mxg/ﬁ- This corresponds to

the fraction of the momentum of the system that is carried by its invisible system
I, with momentum p¢™ in the CM frame. As p$™ grows, it becomes increasingly
hard for backgrounds to possess a large value in this ratio, unlike compressed signals
where this feature is exhibited [203].

° A(ﬁ%‘;fz’ ;- The azimuthal opening angle between the ISR system and the invisible
system in the CM frame.

Our analysis is implemented using the Madanalysis v5.17 [208, 206 207] package,
and validated with simulated Monte Carlo (MC) events corresponding to the production
of neutralino-chargino pairs in the context of the MSSM decaying to a neutralino LSP and
leptonically decaying gauge bosons, with selected masses of Mgt 50 = 200 and mg = 100
GeV. Ten thousand events are generated using MadGraph5_aMCONLO v2.6.3.2 [I13] at
leading order (LO) of perturbative QCD simulating the production of the described process
with the standard model files for the MSSM. Events are then passed for showering and
hadronization to PYTHIA v8.201 [114] using the Al4 tune [208], and then to DELPHES
v3.3.3 [144] for detector simulation. The results of the events selection are compared
with the cutflow table provided by the ATLAS collaboration, as shown in Table[7.2] The

first column reproduces the unweighted yields from the ATLAS analysis, the second one
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Cut applied ATLAS yield | Implemented yield | Normalized yield
Trigger matching & Preselection 1829 1398 1829
mee € (75,105) GeV & m¥¥ > 100 GeV 533 406 531
A¢GeL > 2.0 408 308 403
Rrsr € (0.55,1.0) 157 179 234
pSMyr > 100 GeV 115 132 173
pSM > 80 GeV 114 115 150
pSM < 25 GeV 73 68 89

Table 7.2: Comparison between the ATLAS cutflow shown in the auxiliary figures of
Ref. [199] and our implementation.

presents the unweighted yields from our implementation, and the last one the same yields
but normalized to the number of events in the first column. As can be seen from the
table, the numbers agree within a 20% error, thus we use this implementation to obtain
the efficiency map of the ATLAS search for different masses of sneutrinos/sleptons and
neutralinos.

The sneutrino/slepton pair production is simulated in a similar way, but with model
files generated using a suitable modified version of SARAH code [108, 109, 110], and the
spectrum is generated using SPheno v3.3.6 code [111, [112]. Cross sections are calculated at
NLO+NLL using Resummino v2.01 [209, 210} 211], 212, 202]. For each selected point, ten
thousand MC events are generated as explained and passed through the described selection
criteria. The results are then compared with the expected (S22,) and observed (S5,) upper
limits obtained in the ATLAS search.

The processes described in Fig. show the highest yield of the possible combinations
of neutralino decays, when the mass separation between slepton/sneutrino and neutralino
is not large enough to make the first produced leptons to contribute, which would be
excluded from the ATLAS searches. Other possibilities, like W decaying hadronically
or both neutralinos decaying to Z bosons, with only one of them decaying leptonically,
contribute also to the signal, but with smaller yields. The possibility of both neutralinos
decaying to Z bosons, with the latter decaying to leptons, produce a negligible contribution
caused both by the small corresponding BR and the excess of predicted signal leptons.

The points analyzed in the uSSM parameter space show all a worse efficiency passing
the selection requirements of SR2¢ ISR in comparison with SR3¢ ISR. Thus the results
discussed in the next section are derived from the limits corresponding to SR3¢_ISR.

7.4 Results

By using the method described in the previous section, we now calculate the current and
potential limits on the two-dimensional parameter space my; — myo of the pZSSM from the
searches with the 36.1 fb~! ATLAS result [199], and discuss the prospects for the 100 and
300 fb~! searches.

We have assumed that the three families of left sneutrinos and sleptons are degenerated
and therefore all of them contribute to the signal. Our result in the mass regions considered
is that no points can be excluded from current data. It is also worth noting that the observed
limit in the 3¢ ISR signal region (S%.= 15.3) is significantly larger than the expected limit

obs

(52 =6.973}), due to a 3.02 sigma excess [199]. Points of our parameter space in the region
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Mo 120 GeV mg 125 GeV mj 145 GeV
BR({; — £;X°) 1 BR(7; — vx°) 1 BR(X" — We/u) 3.5x 1071
BR(x* = Wr) 29x1072 BR(Y"— Zv) 24x107! Lo 1.28 x 10712 GeV

W, 2, 0.0092 W24 0.0021 €2,7, 0.0215

o(pp — i) 143.75 b o(pp — f)  276.32 fb o(pp — €0) 80.94 fb

Events above background in S¢3 ISR: 5.1

Table 7.3: Benchmark point of the uvSSM in S¢3 ISR. In the third row the efficiency e
passing the selection requirements is shown.

mgo € (110,120) and my € (120, 140) predict a number of events similar to the observed
excess. As an example, Table[7.3|shows a benchmark point which predicts 5.1 events above
background in S¢3 _ISR.

If the observed local excess were due to a statistical fluctuation, and the observed
upper limit converged to the expected limit, we can easily infer the potential bounds on
the parameter space of the sneutrino-neutralino mass in the grSSM. For 100 and 300 fb~!
to be reached at the end of Run 2, we just have to rescale the limits by 1/100/36.1 and

\/300/36.1, respectively. The result is shown in Fig.

In this figure, the solid black line shows the points where the sneutrino and neutralino
are degenerated in mass. The green area enclose the excluded region for 100 fb~! if no
excess is observed, and the yellow area shows the same for 300 fb~!. The prospects show
a potential exclusion of sneutrino masses up to 160 and 185 GeV for 100 and 300 fb~!,
respectively. We can see that this region extends up to the solid line, reflecting the fact
that the search will be fully sensitive to the degenerated scenario. For a given sneutrino
mass, smaller value of the neutralino mass does not give rise to a worse sensitivity until
the kinematic functions in Eq. make the product BR(X" — Zv) x BR(x° — W{)
too small and the search becomes ineffective. On the other hand, for a given neutralino
mass the larger the value of the sneutrino mass the smaller the production cross section
becomes, limiting the exclusion scope. Notice also that in the lower-right corner the limits
are weaker due to the mass separation between sneutrino and neutralino, as a consequence
of the increased energy of the produced leptons in the decay of sleptons.

7.5 Conclusions and outlook

We have analyze a multi-lepton signal plus missing transverse energy from neutrinos ex-
pected at the LHC for a bino-like neutralino LSP, in the framework of the urSSM. Assum-
ing that the left sneutrino is the NLSP, together with left sleptons which are close in mass
they decay to binos after pair production at pp collisions. Subsequently, the binos decay
promptly to W or Zv via RPV couplings. All in all, these signals include up to six leptons
plus MET. To evaluate the prospects of this search strategy, we have recast the result of
the ATLAS chargino-neutralino search using RJR, based on the 13-TeV data with 36.1
fb=! [199]. This analysis is sensitive to three charged leptons of the two light families pro-
duced by a compressed spectrum of electroweak superpartners. This is also our situation,
because the reduced cross section of the sneutrino/slepton production in comparison with
the chargino-neutralino one, limits the sensitivity of the searches to small sneutrino/slepton
masses. Although in these mass regions, no points of the parameter space of the purSSM
can be excluded, the prospects show a potential exclusion of sneutrino masses up to 160
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Figure 7.2: Regions of the urSSM that will be probed by the signal with three leptons
plus MET from neutrinos discussed in the text in the two-dimensional parameter space
mg — mso, for the 13-TeV search with an integrated luminosity of 100 fb™! (green) and 300
b=t (yellow).

and 185 GeV for 100 and 300 fb™!, respectively.

These limits can be complemented in the future by searches for displaced decays of the
neutralino when its mass is below the threshold of the W mass. In this case, three-body
decays mediated by off-shell gauge bosons and scalars will produced a small total width
due to the reduced phase space, leading to signals with lepton and/or quarks originated at
displaced vertices. Dedicated studies will also be necessary to search for events with high
multiplicities of leptons, when the mass separation between sneutrino and neutralino is not
small. On the other hand, in this work, we have focused on the bino-like LSP. Another
interesting possibility would be to study the case of a wino-like LSP. The different couplings
involved as well as new RPV decays could modify the sensitivity of the searches to the new
compressed spectrum. We plan to cover this possibility in a forthcoming publication [213].

Let us finally mention a by-product of our analysis in the region of bino (sneutrino)
mass 110 — 120 (120 — 140) GeV, where we find that a tri-lepton signal is compatible with
the local excess reported by ATLAS.
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Chapter 8

Conclusiones

El ultimo capitulo estda dedicado a resumir los principales resultados de la tesis. En la
que hemos analizado la fenomenologia del sector electrodébil del purSSM relevante para las
busquedas en aceleradores.

En primer lugar hemos estudiado la fenomenologia del left sneutrino cuando este es la
particula supersimétrica més ligera. Hemos analizado las regiones del espacio de parametros
donde puede ser la LSP, con la conclusién de que un valor absoluto pequeno para el acoplo
soft trilineal del neutrino es suficiente para que la masa fisica del sneurtrino left sea del orden
d 100 GeV, y que ademas ha de ser negativa para evitar que el sneutrino sea taquiénico.
Hemos visto también que que la diferencia de masas entre los sneutrinos reales e imaginarios
es despreciable, por lo tanto podemos considerarlos co-LSP. Hemos observado también que
la masa de los sleptones es ligeramente mayor que la de los sneutrinos correspondientes,
siendo esta diferencia originada por la contribuciéon de un término D. Hemos estudiado los
canales de produccion en el LHC, encontrando que el méas importante para la produccion
en pares es mediado por un bosén Z en en canal-s. Mientras que la produccién de pares
slepton-sneutrino y slepton-slepton es también una buena fuente de La producciéon de pares
slepton-sneutrino y de sleptones estd mediada por un W o un Z/gamma en el canal-
s respectivamente. Hemos estudiado a su vez los posibles canales de desintegracion del
left sneutrino y la diferencia entre las particulas escalares y pseudoescalares, asi como la
diferencia entre particulas de la primera y segundo familia con respecto de la tercera. Hemos
encontrado que la mezcla realzada debido a la cercania en masas del sneutrino y el bosén de
Higgs provoca que el left sneutrino escalar decaiga imitando el patron de desintegracion del
boson de Higgs. Hemos observado que cuando la masa del left sneutrino es méas pequena,
la desintegracion estd dominada por los canales a neutrinos en el caso de las dos primeras
familias con el anadido del canal a dos leptones en el caso de la tercera familia. En el caso
de los sneutrinos pseudoescalares hemos encontrado que la desintegracion esta, a todas las
masas, dominada por el canal a neutrinos para las dos primeras familias con el anadido del
canal a leptones para la tercera. Hemos obtenido el resultado de que la longitud propia de
desintegracion es del orden del milimetro cuando la masa del sneutrino no es muy préxima
a la masa del boson de Higgs, pero que esta por debajo de la escala de los milimetros para
la tercera familia si la masa esta por encima de los 95 GeV.

Estos resultados nos permiten identificar los escenarios mas prometedores desde el punto
de vista de las biisquedas de senales puntuales en el LHC. Dados los distintos compor-
tamientos de las particulas escalares y pseudoescalares, es posible producir un senal que
incluya dos fotones mas momento transverso perdido, o una senal con dos fotones y dos
leptones. La primera puede ser detectada con una energia en el centro de masas de 13 TeV
y una luminosidad integrada de 100fb~1, para un sneutrino de cualquier familia en el rango
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118-132 GeV. Y la senal de dos fotones y dos leptones puede ser estudiada para el caso del
tau sneutrino en un rango de masas de 95-145 GeV. Adicionalmente, es posible producir
una senal con cuatro leptones originada del tau sneutrino, detectable en el LHC con una
energia en el centro de masas de 13 TeV, incluso con una luminosidad de 20 fb~!. Dicha
senal podria ser detectada en el rango de masas de 130-310 GeV. Existen buisquedas en el
LHC que buscan genéricamente por multi-leptones que estan cerca de ser sensibles a este
escenario, y que con més luminosidad podrian poner limites a la masa del sneurtrino.

La prediccion de vértices desplazados del orden de milimetros hace posible aplicar
las busquedas del LHC de leptones producidos en vértices secundarios al sneutrino en
el uySSM. Hemos analizado la sensibilidad de estas busquedas a un left sneutrino de
la tercera familia en el rango de masas de 45-100 GeV en el contexto del urSSM.Hemos
observado que el canal de bisqueda usando pares de leptones es el més sensible al sneu-
trino LSP, que puede ser observado cuando éste es producido en pares y decae en 77 o 7/.
hemos adaptado las busquedas de ATLAS a nuestro escenario y hemos obtenido limites al
espacio de parametros. También hemos discutido una optimizacion de los triggers de la
basqueda que podria mejorar en gran medida los limites, aumentando el area del espacio
de parametros que podria ser explorada.

Finalmente hemos analizado una senal de multi-leptones con momento transverso per-
dido proveniente de neutrinos esperada en el LHC para un neutralino tipo bino cuando es
el LSP, en el contexto del urSSM. Asumiendo que el sneutrino left es el NLSP, ademés de
los sleptones con una pequena separacion en masa, donde ambos decaen a un par de binos
tras ser producidos en colisiones de protones. Hemos adaptado las bisquedas de ATLAS
de pares chargino-neutralino en espectros comprimidos usando Recursive jigsaw reconstruc-
tion, para encontrar limites a este escenario. Con el resultado de que no es posible excluir
ningin punto del espacio de pardmetros con los datos actuales. Sin embargo, calculamos
el potencial de exclusion re-escalando los limites, obteniendo una cota de 160 GeV y de
185 GeV para 100fb~! y 300fb~! de luminosidad integrada respectivamente. Como resul-
tado adicional del anélisis, encontramos en la region de masas del neutralino (sneutrino)
1120-120 (120-140) GeV una senal incluyendo 3 leptones compatible con el exceso local
reportado por ATLAS.

Los analisis llevados a cabo en al presente tesis abren al puerta a otros trabajos en el
futuro. Una extension del estudio presentado en la tesis sobre el left sneutrino como LSP,
incluyendo tres generaciones de neutrinos right-handed, y correlacionando las senales con
los valores de los angulos de mezcla de los neutrinos merece la pena ser realizado.

La adaptacion de los anéalisis de ATLAS y CMS de particulas con vidas medias largas
ha demostrado ser muy tutil para explorar el espacio de parametros del urSSM. Por lo
tanto busquedas similares de otras particulas supersimétricas como LSP, que esperamos
que tengan vidas medias largas, constituyen un siguiente paso interesante en el analisis
de la fenomenologia. Ejemplos de ello son los stops, los gluinos o los sleptones right. Es
importante resaltar que el tamano de la longitud media de desintegracion del LSP en el
urSSM esta directamente relacionado con el tamano de la masa de los neutrinos. Por lo
tanto la prediccion de vértices desplazados de la escala del milimetro es una prediccion
natural del modelo, si necesidad de incluir escalas ad-hoc o pardmetros anormalemente
pequenos.

Los planes para construir un colisionadores de electrones-positrones con energias de
500 GeV motiva también le diseno de estrategias de busqueda para particulas cuya masa
no haya sido ya limitada por el LHC a estar por encima del alcance energético de dichos
aceleradores. Este es el caso de las particulas electrodebiles e el prSSM. En este sentido
merece la pena llevar a cabo estudios especificos de la fenomenologia del prSSM con mas
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posibilidad de ser vista dichos aceleradores.
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Conclusions

This last chapter is devoted to summarize the main results of the thesis, where we have
analyzed the phenomenology of the electroweak sector of the urSSM, relevant for collider
searches.

As explained in the text, the urSSM is a well-motivated model of supersymmetry
(SUSY) which addresses the solution to the p problem of SUSY models simultaneously
with one of the most intriguing questions yet to solve in particle physics, the origin of
neutrino masses. In particular, the origin of the smallness of neutrino masses in the urSSM
is directly related with the decay amplitude of the lightest particle of the SUSY spectrum.
Thus, where most of beyond standard models propose ad-hoc scales for the energy and
lifetime of the particles, in the prSSM these values are directly related with neutrino
physics. The predictions of the model are in this sense robust and point to a coherent
search strategy:.

At first we have focused on the study of the left sneutrino phenomenology when it is
the lightest supersymmetric particle (LSP). We have analyzed if there are natural regions
of the parameter space where it can become the LSP, finding in our framework that it is
sufficient to tune the neutrino trilinear soft coupling A,. We have also obtained that scalar
and pseudoscalar left sneutrinos are basically degenerated in mass, and therefore both can
be considered co-LSPs. In addition, the mass of the left slepton, which is in the same SU(2)
doublet as the left sneutrino, is only slightly larger than the one of the latter due to the
small D-term contribution. As a consequence, the sleptons are also relevant for our analysis
of production and decay of electroweak superpartners. In this sense, we have analyzed in
detail the production channels at the LHC. The most important diagram for sneutrino pair
production is mediated by an off-shell Z boson in the s-channel, while the production of
sneutrino-slepton and sleptons pairs is as well a good source of sneutrino pairs, given the
small mass gap between them. These two last possibilities are mediated by off-shell W and
Z .,y bosons in the s-channel, respectively.

Then, we have studied the possible decay channels of the left sneutrinos and the dif-
ferences for scalar and pseudoscalar states, as well as the differences between the first two
families and the third one. We have found that the enhanced mixing between the scalar
sneutrino and the SM Higgs boson makes the sneutrino decay mimicking the decays of
the latter. We have also found that for smaller masses the sneutrino decays dominantly
to neutrinos in the case of the first two families, and also to lepton pairs in the case of
the third one. For the pseudoscalar sneutrinos we have found that for all masses it decays
dominantly to neutrinos for the first two families and also to lepton pairs for the third one.
We have found also that the proper decay length of the left sneutrino is in the mm scale
for for masses not close to the Higgs boson mass for the two first families, but is below the
mm scale for the third family if the mass is above 95 GeV.

This results allow us to identify the most promising prompt signals expected from the
production of sneutrino pairs at the LHC. Given the different behaviors of scalar and
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pseudoscalar sneutrino states, a diphoton signal in combination with neutrinos (producing
missing transverse energy), or a diphoton with leptons, can appear at the LHC. The former
can be detected with a centre-of-mass energy of 13 TeV and the integrated luminosity of 100
fb=1, for a sneutrino LSP of any family in the mass range 118-132 GeV. The diphoton plus
leptons signal can be probed for the case of a tau sneutrino LSP with a mass in the range
95-145 GeV. In addition a multilepton signal from a tau sneutrino LSP can also appear
detectable at the LHC with a centre-of-mass energy of 13 TeV, even with the integrated
luminosity of 20 fb=!. It is possible to detect it in the mass range of 130-310 GeV. We
have discussed that existing generic searches at the LHC are close to be sensitive to this
lepton signal, suggesting that they deserve experimental attention. An updated analysis
with current data could constrain the sneutrino LSP scenario.

The prediction of displaced vertices of the order of the millimeter makes possible to
apply LHC searches for lepton pairs produced at secondary vertices. We have analyzed the
sensitivity of these searches to a tau left sneutrino LSP with a mass in the range 45-100 GeV
in the framework of the uSSM. We have found that the displaced dilepton search channel is
most sensitive to the sneutrino LSP, where at least one of the pair-produced left sneutrinos
is required to decay into 77 or 7¢ with the final-state tau leptons decaying leptonically. We
recast the ATLAS 8-TeV dilepton search to obtain potential limit on the parameter space
finding constraints to on the left sneutrino LSP. We have also discussed an optimization
of the trigger requirements exploited in the ATLAS search that can considerably improve
the sensitivity of the displaced dilepton search, finding that with this optimizations a wide
range of of the urSSM parameter space can be probed at the LHC Run 3.

Finally, we have analyzed a multi-lepton signal plus missing transverse energy from
neutrinos expected at the LHC for a bino-like neutralino LSP, in the framework of the
uvSSM. Assuming that the left sneutrino is the NLSP, together with left sleptons which
are close in mass they decay to binos after pair production at pp collisions. We have recasted
the ATLAS search for chargino-neutralino pairs in compressed scenarios using Recursive
Jigsaw reconstruction, to evaluate the limits on this scenario. We have found that in the
mass region relevant for the search no points of the parameters space of the urSSM can
be excluded, however we show a potential exclusion of sneutrino masses up to 160 and 185
GeV for 100 and 300 fb~!, respectively.As a by-product of our analysis in the region of bino
(sneutrino) mass 110 — 120 (120 — 140) GeV, we find that a tri-lepton signal is compatible
with the local excess reported by ATLAS.

The analysis made in the present thesis open the door for many other interesting works
in the future. An extension of the study presented in the thesis on left sneutrino LSP,
including three generations of right handed neutrino superfields and correlating the signals
with the values of neutrino mixing angles deserves to be studied.

The recasting of ATLAS and CMS searches for long-lived particles has proven to be a
very useful tool to probe the purSSM. Thus similar searches for other SUSY particles as
LSPs, that are potentially long lived, constitute a interesting next step on the analysis of
the prSSM phenomenology. Such as the stops, gluinos or right sleptons. Notice that the
size of the decay length of the LSP i the urSSM is directly related to the size of neutrino
masses. Thus the prediction of displaced vertices on the mm scale is a natural prediction
of the model without the inclusion of ad-hoc scales or abnormally small parameters.

The plans to build a electron-positron collider with energies of 500 GeV motivate also
the design of search strategies for particles which mass bounds are not pushed by the LHC
above the energy limit. That will be the case of the electroweak particles of the purSSM.
In this sense worth making specific studies of the sensitivity prospects of electron-positron
colliders for the urSSM.
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Appendix A

Mass Matrices

We write below the tree-level mass matrices generated in the pSSM. Upon EWSB, fields
with the same color, electric charge and spin mix. To name them we follow the convention
of using for the eigenstates the names of detected particles: Higgs, neutrinos, leptons. In
what follows we use i, j, k, [, m,n as family indexes, and a, b as the indices for the physical
states (mass eigenstates), not to be confused with a,b = 1,2 used in Appendix ?? as SU(2),
index. We include in the formulas for completeness the contribution due to lepton-number
violating couplings A;j; and )\;jk in the superpotential of Eq. and soft Lagrangian of

Eq. .

A.1 Scalar Mass Matrices

The scalar mass matrices generated in the urSSM were computed in Appendix A.1 of
Ref. [63] with the assumption of CP conservation for simplicity. In this Appendix, we write
those equations and replace the values of the soft masses obtained through the minimization
conditions in Eqgs. —, assuming that slepton soft mass matrices are diagonal in
flavor space.

Mass Matrix for Higgses
Higgses mix with left and right sneutrinos. In the basis ST = (Hf,Hf,ﬁZ%,ﬂJRL), one
obtains the following mass terms for scalar Higgses in the Lagrangian:

1 2

— 58Tmis, (A1)

where m3 is the 8 x 8 (symmetric) matrix obtained computing the second derivative of the
scalar potential of Eq. (3.8) with respect to the fields

2 2 2 2
myrgr Myr myr-r Myr-r
HRHT aRuR  HROR HROR
m2 m2 m2 m2
5 arRER  Marar Mgrer MgrprR
my = ) J ) J , (A.Q)
MR gR TR MZir ~ MZip ~
virHg Ui HE 50T, 5743
2 2 2 2
m m= MZpn ~ M=pn ~
DJZ%HZIQ VZ%HZF VZ%/V;.RR VZ%/VJ.RL
2 _ 2 L, 12 (3,2 2 1/\ A 1/\ A2
Mprpr = My + g(g +9"%)(Bvg — v, +virvir) + DY jUiRVjR + N iUy
= }(92+gl2)v2+v»3tan6 LT.)‘—i—l)rKa-kka Ly oL ()\kU»Rka—i—)\-vQ) (A.3)
4 d 2 \/? 7 9 J v 17 2'Ud J J uw)
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2 2 Lo, » 2 2 1 1 2
MyRER My, + g(g +g )(—Ud + 3v,, — UiLUiL) + iAi/\jviRUjR + 5/\i/\ivd
1 1
_Y;lj’.)\jvd’uiL + 2szY VjRVER + 2szY LUiLUL
L oo oy 2 1 I
z in—— [ —=T ,)\, y
4(9 +g )Uu—I_URta/B \/i (3 +2 ]K]k}vk)R
ViL y
. \fT U]R+ Y JKLiKVIRVER | (A.4)
2 Lo » Lo 1 v A
Miyw e —z(g + 9")vgvy, — ﬁTi ViR = GARRigRURVR F VavaAidi = YA jouviL (A.5)
) 1 1 1
m;Z%HF 7\7@Ti Uy — /\kﬂijkvuij + )\i)\jvdng 2 jz/\k'U]LUkR 2 jk/\ V;LVEKR (AG)
1
m?]‘l%Hu’R _\fT Vg + —= \f TjviL — AkKitkVaVir + Aidjouvir + Y kakviLoir + YR Yiivuvkr , (A7)
m%ﬁﬁ (m%R)ij + \@T{}kka — AkKijkVdVu + KijhKimkVIRUmR + 2KilkKjmkVIRUmR
1 1 1
—l—f/\i/\ (V3 4+ 02) + Y KijkUuir, — 2(Y,€”j/\i + YA ) vaver + 2Y,”Yk] .+ ZY,”YljvkLvlL
V2T RVER — AkRijkVdVu + KijkKimkVIRUmR + 2KilkK jmkVIRUmR + 5&')\]‘(@3 +v2)
1 1 1
—Ylléliijk’l)uvlL 3 (ij)\ + Ykz/\ )'UdvkL + 2Yk'zY + iyrl;‘lykijkllvll/
Oij TV L L e +A
T =L iUk LUy T —=1; UyVd — —= 1L, VIRVER 1RilkVdVu VKR
vir | V2" V2 V2
1
—KlimFinkUmRUnRVKR — §>\z’)\l (07 + V)R — Vi KikmUuVILVmR
1 1
+§(Yk”l)\i+Yk”i)\l)vdvkLle— §Yk”iY,5v3le 2Y,”Y VRLVILUmR| (A.8)
2 1 2 /2 1 v 2 1 v
MGR gR 1(9 + 9" )vaviL — iifij)\jvu - iYijMUkRUjR ; (A.9)
2 1 2 12 1 v 1 v
M e —Z(g + g% v + \/§T ViR + Yik/iljkvmvﬂg Y AjUqvy + Y55 ijvuvkL , (A.10)
2 L 1Y”/\ Y Aj Y4 Y Y,
meR o, NG ijVu = 5 ¥ijAVdVkR = 5 ik AjVdVkR + Y KjikVu ViR + 2 v VKLVIR
1
+§Y;-lyykyj’l}kL’UlR s (All)
m2 (m2~ ) _|_1( 2 4 )i, _1_1( 2 4 g™ (vpronr + 02— 02)0;
‘,;iRL;JRL L i 4 g g iLUjL 3 g g kELVEKL d /Y]
+2 z%Yk Uy + QYZleUkRUlR
1.y 1
1(9 + 9% )viLvjL + 5 9 zkYk” + 2szY \f T vu VKR
1
+§Y£ (MVaVkRVIR + MV — EimVuViRVmR — Y;kmevZ =Y  umpvirvkr)| - (A12)
This matrix is diagonalized by an orthogonal matrix Z:
g Yy g
H_2 oH 2 dia

with

S=z1p, (A.14)
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where the 8 entries of the matrix h are the ‘Higgs’ mass eigenstate fields. In particular,

HFY =ZHh,, HF=2Z1h,, 05 =2Z0h, ﬁR:Zghb. (A.15)

J

In the case of considering only one family of right-handed neutrinos as we do in Appendix[B]
the last two equalities can be written as

Uy =Zhh, Ui =28 . (A.16)
Mass Matrix for Pseudoscalar Higgses
~T  ~T

Following similar arguments as above, in the basis PT = (HZ, HI, i%, v; 1), one obtains
the following mass terms for pseudoscalar Higgses in the Lagrangian:

1

where m?, is the 8 X 8 (symmetric) matrix

2 2 2 2

m m Moz Mz
HIHT HTHI HIvT, HIVE,
2 2 2 2
Myzyz Mygzgz Myz;z Mipzz
2 HIH HIH HIv: HIv:
a0 = P P B (A.18)
ms ms Mz ~7 Mg -
V7,'IR Hf ViZR HI I/iIR VjIR ViIR VjIL
2 2 2 2
mZ m= m-r ~ mir ~
vh HT vL HT vl l/jIR vk VjIL
1
2 2 2 2,2
Mypzpr = mH}HZf_Z(g +97)vg (A.19)
1
2 2 2 2\, 2
My = mH]}HZ}*Z(g +97)vy (A.20)
1 1
2 A
Myzpr = %Ti UiR+§)\kﬁiijiRij, (A.21)
1 1 1
2 = A .. ., VYV X VY Y .
myz gt = ﬁTi Uy — A\kKijkUuVjR Z}QiAkv]kaR+2ij/\1ngka, (A.22)
1
2 A
myz gz = ﬁﬂ Ud*\ﬁTﬁij*/\MukvdvmeYj;mlkijle, (A.23)
2 2
Moz ot, = mﬁfRﬁfR_2(ﬁﬂﬁk”kR—/\kﬁijkvdvu+f€¢jkf<ozmkvmvm3) 7 (A.24)
1 1
2 2
Moz gz = ~5Yi AV — 5YijARUkRY R (A.25)
My = —sTiun = gk, (A.26)
Vi,ILHg \/§ ij VIR 2 ik™jEVIRVjR .
: — T+ 2YEA Iy vaen + Yik
Moz vy = V2 ijVu T 5 ¥ij AVaVkR = 5 XipAjVdVkR T i) KjlkUuUkR
1 1
—§Y;';Yl';évmka + in%m?UlkaR , (A.27)
1
2 - 2 2.2 2\,
Mpr oz, = "GROR _4(9 +97)viLvji (A.28)

and, in order to simplify some of these formulas, the entries of the mass matrix for Higgses
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are used when appropriate. The matrix of Eq. (A.18) is diagonalized by an orthogonal
matrix Z4:

ZAm%e 24 = (m2)™ (A.29)
with .,
P=2z4 A", (A.30)

where the 8 entries of the matrix A° are the ‘pseudoscalar Higgs’ mass eigenstate fields. In

particular,
Hi =Zihy, Hp=Zhhy, Uhy=Zjhy, U =Zjhy. (A.31)

J

In the case of considering only one family of right-handed neutrinos as we do in Appendix B}
the last two equalities can be written as

Uk = Zishy, U5y = Zigpihy (A.32)

Mass Matrix for Charged Higgses

Charged Higgses mix with left and right sleptons. In the basis C7 = (H JHY €5, ;-R),
one obtains the following mass terms in the Lagrangian:

—CTm.C, (A.33)

where m?,, is the 8 x 8 (symmetric) matrix

2 2 2 2
mi_ . om5_ . ms__ ms __
H, H, H; Hy Hde;L Hde;fR
2 2 2 2
m * m * m * m *
HI"H; HI"HF Hf"e* Hi"e*
m%u = 2u ‘ 2u ’ 2" o 2u o ) (A'34>
mEiLH;* mElLH;" mgiLg;L mgiLg;R
2 2 2 2
erH;" m'e]-RHﬁ[ mgiRg;L mgiRg;R
2 _ 2 1 5 2y, 2 g 2 1/\/\ 2 1YY A.35
My g+ = Mmyrgr = 7(9° +97)vg+ T (0, —vigvi) — SAiAo, + YR Yjvicvin . (A35)
a4 4 4 2 2
2 2 15 2y, 2 g9 2 1 2 v
Mysv g+ = Myrpgr — 7(9° + 97 v, + =-(vg +virvir) — s Aidivg + YA jvavir
o Hy SHE Y 4 2
1
finkY kViLUjL (A.36)
2 - LY LA - Y)\ (A.37)
M iw e =  —UqVU —T v, —ALKiikViRViR — =N A;Uq0 VU .
HF H; 4 dVu \/§ i ViR 2 kNijEViRVjR 2 1N\ UdVy uViL
) 2
v
mgi,LH{;* = ZvdUiL — §Yij)\kUI€R'UjR 2Y YkJUdUkL , (A.38)
2 2 1 1 1 v 1 vy Vv
77”L_61_LHI = Z’quiL ﬂT ViR — QY RljkVIRVKR + 2Yij/\jvdvu — EYikijUuUjL R (A.39)
2 _
MGt = \[ T5viL — YkeiYk”jvuij, (A.40)

1
m? = —iY,fi()\jvkijR + Y ;0405R) + Aini Y Un L VKR (A.41)

6“31'1Jr
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1 1 2\
méLE;?R = ﬁTz%Ud - §Yi§'/\kvuka + ﬁTkijvkL . (A.42)
2 o 2 9/2 2 2 6 1Y6 Ye 2 1yeye
Mmepet, = (ng)ij + I(Uu — Vg — kL UkL)0ij + 5 YkitkjVa + 5 F1i Vi VkLVIL
+2/\mlj/\nliUmLUnL s (A43)
2 _ 2 1 5 2 92 2 2 5 92
Mees, = mﬁﬁ”}i - 1(9 + 9" )viLvr + Z(% — vy — VkLVkL)0i; + ZUiLUjL
1 1
—53%39—2@3 + iyﬁyﬁvtg + 22X A i Um LU L (A.44)

and, in order to simplify some of these formulas, the entries of the mass matrix for Higgses
are used when appropriate. Matrix of Eq. (A.34) is diagonalized by an orthogonal matrix
AR

Ztmd, 2 = (mi)™ (A.45)

with .
C=7" H", (A.46)

where the 8 entries of the matrix H' are the ‘charged Higgs’ mass eigenstate fields. In
particular,

u

H; =Z'H,, HfI=Z HI ¢.=2'H, , EjR:ZI;;Hb_. (A.47)

Mass Matrix for Down-Squarks

Left and right down-squarks are mixed. In the basis d = (CZ-L,C@R), one obtains the
following mass terms in the Lagrangian:

—d md, (A.48)

where m?2 is the 6 x 6 (symmetric) matrix

o omi
mi={ ] (4.49)
dird;, dind;p
T A — <m2~> —i(392+g'2)(02—02+v v )+1 Y iug
dipdyy Qr)ij 24 d u ELYEL 9 ik" jkd
1 1
+§)\;1il)\;njlanme + 5 ()\;Llle(li + A;lel/ﬁl) UnLUd ; (A50)
m% - = (m% —£(02—02+v v )—I—lede2
dindiy — \dr)y; g Nd T Tu T ORETRLS R 9 Tki Tk Td
1 1
+§ i Ml UmLUnL + 5 ( ;MYE? + )‘;Llj}/l?) UnLVq (A.51)
m: . = m% . = LT% —lY-C?)\ Uy +LT¥@ (A.52)
diLd;R dedf;L \/5 17 d 2 1] kVuVER \/i kij kL - .



124 APPENDIX A. MASS MATRICES

Matrix of Eq. (A.49) is diagonalized by an orthogonal matrix Z2:

T dia
ZPmz zP = (m3)™ (A.53)
with
~ T ~
d=27" D, (A.54)

where the 6 entries of the matrix D are the down-squark mass eigenstate fields. In partic-

ular, . . . .
dip = Z]Dy, dig = ZJD,. (A.55)

Mass Matrix for Up-Squarks

eft and right up-squarks are mixed. In the basis & = (U;r, @:r), one obtains the followin
Left and right k d. In the b i g

mass terms in the Lagrangian:
T

T m2 (A.56)
where m2 is the 6 x 6 (symmetric) matrix

2

2 ma'L’E’f m’lj'Lﬂf
mg = I (A57)
Ginat, ity
2 _ 2 + i 3 2 /2) ( 2 2 ) _|_ lyuyu 2 A 58)
mga, = Mg, Py, ( 9-—g°) (v; — v, + VkLVkL 5 YikYjkVu (A.
2 2 9° 2 1 2
maiRﬁ;R = (mﬁR)ij + F (Ud -, + UkLUkL) + §Yk1zykqjvu y (A59)
2 2 1 u 1 u 1 u\/ v
maiLﬁ;R = mﬂjRﬁfL = ETUUH — 51/74 ALUgULR + §}§j}/lkU1LUkR . (A60)

Matrix of Eq. (A.57) is diagonalized by an orthogonal matrix ZY:

ZYm2 7V = (m%)dia : (A.61)

u

with .
a=2z"U, (A.62)

where the 6 entries of the matrix U are the up-squark mass eigenstate fields. In particular,

i, = 250y, lijr = Z4Us. (A.63)

A.2 Fermion Mass Matrices

The neutrino and lepton mass matrices were computed in Appendix A.2 of Ref. [63] with
the assumption of CP conservation. In this Appendix we write the general fermion mass
matrices, including the quarks matrices, without assuming CP conservation. To obtain the
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results, we apply the standard rotation in the gauge sector:

W w-
/-WVQ = ZW WJF ;
W Wwo

where the mixing matrix Z W g parametrized by

A

> s 3
o sk o

1

and /Wv1,273 are the 2-component wino fields in the soft Lagrangian of Eq. 1'

Mass Matrix for Neutrinos
The usual left-handed neutrinos of the SM mix with the right-handed neutrinos and the
neutral gauginos and higgsinos. Working in the basis of 2-component spinorsﬂ (xXHT =

<¢W,§0,’M70,?13,f13,nyj), one obtains the following neutral fermion mass terms in the

Lagrangian:
1
- E(XO)TmZ,XO +h.c., (A.64)
where m,, is the 10 x 10 (symmetric) matrix
03x3 —%g'@im* %g@m)* O3x1 Y (VkRr)* <H2>YZ
v AN M, 0 — 59/ (H)" 59/ ()" O1x3
1 ~  \x* 1 0\ * _ 1 0\ *
m, — WQWJL) ) 0 1 My \/§g<Hd> \/§9£Hu> O1x3
Oies  —mg(HO Lg(HY) 0 N (FR) X (HD)
Vier)  mg(HD  —59MHD)" = Xe(kr) 0 =N (HQ) + Y5 (VL)
(H)(YH)T 03x1 03x1 —N(HY) = N(HY) + Y (kL) 2Kk (VkRr) ™
(A.65)

This is diagonalized by an unitary matrix UV
. i .
UV m, UV =mdis, (A.66)

with )
=U" )\, (A.67)

where the 10 entries of the matrix A\ are the 2-component ‘neutrino’ mass eigenstate fields.
In particular,

v, = UYN, B =UYN N, WO =UY A,
HY = UG X, HY=UY N, () =UN) . (A.68)

In the case of considering only one family of right-handed neutrinos as we do in Appendix [B]

!Since both helicities are present for neutrinos, it is convenient to introduce here the notation where
¢o is a left-handed spinor and 7% a right-handed spinor. Thus we are using in (x°)7, 0% = (v;1)¢ and
Ny, = Vig, and in X’ ¢u,,, = vir and N; o = (ViR)S
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the last equality can be written as

*

(vr)S = UGN . (A.69)

Mass Matrix for Leptons

The usual leptons of the SM mix with charged gauginos and higgsinos. In the basis of
2-component spinor (x )T = (cpei, w-, Hd_) and (y")T = (nej, wH, Hj), one obtains
the following charged fermion mass terms in the Lagrangian:

— (x") 'mex +hec., (A.70)
where m, is the 5 x 5 matrix

(H)YS +2m) iy 9(win)* =Y (Vkr)*
me = leg MQ g<H3>* . (A71>
Y5 (VkL) g(H)*  Ne(Vkpr)*

This is diagonalized by two unitary matrices U; and Ug:

Us mUe = md= (A.72)
with

Xt =U AT, (A.73)

X =Us'A, (A.74)

where the 5 entries of the matrices A*, A\~, are the 2-component ‘lepton’ mass eigenstate
fields. In particular,

*

c* e ¥ T+ _ rrex \+ T+ _ rrex y+
(ejR) = Uiy » W =UrNy, Hy =UlsAy

eir = Upndy s W =Ughy, Hy = Uik, (A.75)

Mass Matrix for Down-Quarks

In the basis of 2-components spinors (d} )" = (d};), (dr)" = (d;r), one obtains the following
down-quark mass terms in the Lagrangian:

— (d})"'mgdg + h.c. (A.76)
where my is the 3 x 3 matrix
ma = ((Hg) Y5 + (Bin)" ;) - (A.77)
This is diagonalized by two unitary matrices U¢ and Ug:

U maUs = mde (A.78)

?Following the convention of the previous footnote, we have in this case ¢2 = (¢; L)c* and ne; , = (ejr)°"
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with
drp = UiDg, (A.79)
d, = UlD;. (A.80)

where the 3 entries of the matrices Dy, Dy are the 2-component down-quark mass eigenstate
fields. In particular,

d
djr = UijDbR7

dip = UpoDyr. (A.81)

Mass Matrix for Up-Quarks
In the basis of 2-components spinors (uj)? = (ul;), (ur)’ = (ujr), one obtains the
following up-quark mass terms in the Lagrangian:

— (u})"'myug + h.c., (A.82)
where m,, is the 3 x 3 matrix
m, = ((H) YY) . (A.83)
This is diagonalized by two unitary matrices U} and Upg:
U 'm, U = mde (A.84)
with
Ur = UEUR, (A85)

where the 3 entries of the matrices Uy, Ug are the 2-component up-quark mass eigenstate
fields. In particular,

ujr = UgpUbr,
wir, = UgpypUst. (A.87)
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Appendix B

Scalar-Two Fermion Interactions

One Scalar/Pseudoscalar Higgs-Two Fermion—Interactions

In this Appendix we write the relevant interactions for our computation of the decays of
the left sneutrino. For consistency with the computation of Section 4| where the SARAH code
was used, we follow its notation [108, 109, T10]. In particular, opposite to our convention in
Appendix[A] now a,b = 1,2, 3 are family indexes, and i, j, k are the indexes for the physical
states. Only one family of right-handed neutrinos vg, and the corresponding scalar and
pseudoscalar sneutrino states 0%, %, are considered for the computation of the interactions
below. Notice that the definitions of SARAH used in this Appendix for Yukawa, lepton and
quark matrices are not the same as those in Appendix [A] Taking all this into account, in
the basis of 4-component spinors with the projectors Prr = (1 F 75)/2, the interactions
for the mass eigenstates are as follows.

One Higgs-Two Up Quark—Interaction

3 3

- 1 * *

Oéﬁ Z u abUI%,jaU}j,inlgPR - Zﬁé‘aﬁ Z Uzjjb Z U}%ZiaYUﬂbZIgPL . (B1>
a,b=1 b=1 a=1

One Pseudoscalar Higgs-Two Up Quark—Interaction

- Oéﬁ Z uabUR]aUL zbZk2PR +— aﬁZUz;bZUlg ;kaY bZI?ZPL . (Bz)
a,b=1

One Higgs-Two Down Quark—Interaction

3
—i—=bap > ViUl Ut 0 Zi Pr —i—=0ap Y UL Ui YaaZ{ Pr - (B.3)
\@ a,b=1 \/5 =

One Pseudoscalar Higgs-Two Down Quark—Interaction

1 d,*
- \/i aﬁ Z Yd abUR ]aUL zbZkIPR +—= aﬁ Z UL ,7b Z YdﬂleI?lPL . (B4)
a,b=1

One Higgs-Two Lepton—Interaction

3
e, H e,* e,* H
\[{ UR j5 E UL e,abZk3+b+92UL,i4§ UR jaZik3+a

a,b=1 a=1
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+ Z UR UL a Yo Zi + 92UL U5 2 + 92UR5,UL 5 Zih
a,b=1

AU 55U 20 = U gzrf;*;awkg}&

3
- Z\ﬁ{ - Z Y UL jaZis+UR.is + 92 Z Uk.iaZk3+aULja
a,b=1 a=1

3
* e e H e e H e e H
+ E Yo UL jaUrinZin + 92Uk isUL jaZii + 92Uk iaUL 5252
a,b=1
3

+/\*U13,i5Uf,jszlg - Z Uk,iaUL, ngks}P (B.5)

a=1

One Pseudoscalar Higgs-Two Lepton—Interaction

3
e,* A e,% e,* A
\[{ ,35 § : UL,mYe,abZk3+b _QQUL,M E UR,jaZk3+a
a,b=1 =

e, e,%* €,%* €,*
+ E UgitUL'ta Yo anZih — gQUL,i4UR,j5Zk1 92UR5, UL w52
a,b=1

3
e,* e,% A e,% e,x A
—AUR 35U i5Zks + ULlis E :UR,jaYV,aZk?,}PL

a=1

3 3
E : e abUL,jaZk3+bUR i5 — 92 E UR zaZk:3+aUL j4
a,b=1 a=1

3
* e e A e e A e e A
+ E Yo UL jaUr,ivZia — 92UR,isUL jaZin — 92UR UL 5252
a,b=1

—ANUgisULjs Zis + Z "WUkiaUlL js st} (B.6)

One Higgs-Two Neutrino-Interaction

. 3 3 3
%{gl(U}Q* Z:l vV Ul Z UV zZH,  — g (U Z:l uYr Uk Z:l UV zH, .
—V2AULUG + USURY) Z VoaZth o + VAU U + U U ZE
a=1
+o1 (U Uig ™ + U U 28 — 2 (US UG + U U™ ) 28
*gl(UJZ’*U;;* + Ui‘i’*UJ?*)Zlg{z + 92(Ui‘§*U;§’* + U;g*Ui‘;’*)Zlg
AU YU U U el AU U U U 2
—2V2kUS UG 21 + \f/\(Ui‘;’*Uj‘g’*Z,g + UG U ZE

3
VU U, + U Z Uy, Z,g}PL
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. 3 3
(3
o 22 AU U — 003 2l UV + ULU)

—WZ I JURUY + URUY) + VXN ZE(URUY, + UNUY)

+91Zk1(U‘ U‘ Ui4Uj6)_QQZk1(U U +UY% U 5)
— 1Zk2(U U+ ULUR) + 92215 (U U7 + URUY)

—WZ UYZ8BUY + UYL ZEUX) + V2N ZE(UXUY + ZBUkUk)
—an ZEURUN + V2N ZH(UN U + ZEUUY)
—\[Z ZkS +UVZ/c3U )} (B.7)

One Pseudoscalar Higgs-Two Neutrino—Interaction

3 3
1 Vx V% V% v* A V% V% V% V* A
5{91(Ui4 ZUja + Uy ZU )Zi31a — 92(Uss ZUja +Ujs ZU ) Zi34a

a=1

Vyk V% V*
HV2US U + U U

3
B YeaZih e — V2ANURTUS + USTURGZE
a=1
+o1 (U U™ + U UG 28 — (U5 UG + U U™ ) 25
— (U U + U U 2y + g2 (U U + U U ) 21
AU S U UL S U e — VNS U 4 US U 28
a=1 a=1
—2V2KUS UG 2t + \@A(U%’*U}é’* Uis U ) 21t

3
VU U, + UY Z US Vo) 25 | Pr

3
1
~3{m > Zis o UV + ULUY) ~ 0 S0 2 (USUY + ULUY)

+f2 I o (URUY Uk) — VXN ZR (UXUY, + USUK)
+glz,ﬂ(+U Ul +UNUY) — g2 Z0 (UL UN + URUY)
—91Z1:;42(U' j 'VUV)‘ngZkz(U U +UYy U)

+v?2 Z Uy Z{UN + UL ZIUY) — V2N Zi (UK U + U UN)
—2fn ZsUs Ul + V2N Z(UNU s + UG UY)

—WZ UYZUY + USZUY) | Pr (B.8)
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Appendix C

Three Scalar Higgs Interactions

In this Appendix we write the relevant interactions for our computation of the decays of
the left sneutrino to two scalars.

3 3
-2 (91 Z vL aZk5+a Z is+b2 5+b + 95 Z vL aZkS-i—a Z ZzS-i-b 35+b
a=1 b=1
2
+gl ZZzSJra j5+aZvL bZk5+b +92 ZZZSJra ]5+aZUL bZkSer
a=1 b=1 a=1 b=1
3 3 3
+ 91 Z UL,a J5+a Z Zz5+bZk5+b + 93 Z UL,a ]5+a Z Zz5+bZk5+b
a=1 b=1 a=1 b=1
3 3 3 3
2 H H H 2 H H H
+91 Z VL,aZi5ta Z ZisroZises T 92 Z VLaZi54a Z Zi540Zk54b
a=1 b=1 a=1 b=1
+ 4oy Z Z Yo aZi, Z ZJ5 0235 + 4oy Z Z Y, a2, Z o1 Zis v Zis
=1 a=1 =1 a=1
3
H H H H
(91 + 92) Z Jo+aZk5+a <2UdZi1 — 204255 + ZULJ?ZiSer)
a=1 b=1

3 3 3
H « oH oH H % oH o H
+4dvp E Y001 Zk544 E Y 254025 + 4R E Y0.a1Z544 E Y 01 Zk540%03
=1 a=1 b=1
3 3

+200 Y vnaZib o ZH 20 + 293 vna 2l 2 2]
a=1 a=1

3 3
— 4’Uu Z )\2k Z Yy,a1Z;£{5+aZgZﬁ 4 Z URZ)\I Z Z YV amZk5+a 12+mzﬁ

m=1a=1

+ 4vy Z Z Y0125 4a Z Y b Z£+bzgz + dvy Z Z YoaZisa Z Y, ble5+b

=1 a=1 =1 a=1

—4 Z Uy A Z Y, ale:5+aZiIiIZ_g - 29% Z UL,aZIngaZgZ]g

3 3
—2g2 Z ViaZis o Zin 2l —wa Y N Y YoaZit 287

a=1
3 3 3 3 3
+4Z ULa ualz iz Zh 2+ 4 Y Yiavie Y YeuZik o Zh 2
=1 =1 a=1 b=1
3 3
+ 2\/52 Z Tf’alZ;g+aZ£+z 2+ 4 Z Z Z URl'kalmn Z Y, amZk;5+aZZQ+ang
=1 a=1 1=1 m=1n=1
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3
+ 2\[2 Z ZisaTvaZia 2 + (9% + 93) Z ZH 1 aZia (QUdZ] —20,2[} + Z UL,b 5+b)

=1 a=1 a=1 b=1
+4Zle ZYV ale5+a Z Z 15+b J2+m +4va ZYV alZz5+a Z Z mek5+b j2+m
m=1 b=1 m=1 b=1
H Hr7H Hr7H
- 4ZURZ>‘Z Z ZYV a7Tle5+aZz ZJQ+7n + 2\[22 ale5+aZ'i2 Zj2+l
m=1a=1 =1 a=1
3 3
H 7H H
+4Z Z Zle’%lngYV amZk5+aZz Z]2+n + 2\/§ZZZk5+aTV’GlZ Z j2+1
=1 m=1n=1 =1 a=1
3 3 3
H H * H
+ 4UU Z Z Z K’lmn Z YV ale5+a212+nZ]2+n 4vd Z Z >‘l ZYV amZk5+a 12+ZZJ2+7L
=1 m=1n=1 =1 m=1 a=1
3 3 3 3 3 3
H H
+4Z Z ZUL,a ualZ oo 2+ Z i 32+m+4z Z ualULaZyu,bmzk5+bzi2+zzg2+m
=1 m=1a=1 =1 m=1a=1 b=1
3 3
2 H H H 2 H H H
+ 29704 Z ZisvaZisralia + 2950a Z ZisvaZisrali
a=1 a=1
3 3
H H
+ 297 ZULa J5+aZ’Ll Zk1+292ZULa ]5+ale Zi
a=1 a=1
3 3 3 3 3
* H H7H * H H H
— 4o, Z)‘l ZYU,GIZJ-MGZZ-Q Zi — 42 Z VRIA] Zyu,aij5+aZi2+mZk1
=1 a=1 =1 m=1 a=1

+2¢7 ZUL a 15+a ]lzkl +2g5 ZUL a 15+aZﬁZk1 +697vaZ{} Z 1Zi
a=1

+692vngZ fzH _ 2g§vngZHZk1 2g§vuzgzﬁz,ﬁ
3 3

+ 8y | Z)\IFZHZHZM + 82 Z VRN 2B ZH 20 = 4 vl Y Yo aZ i 252
=1 =1 m=1 =1 a=1
3
- 291UuZHZHZk1 QQQUuZHZHZm + 8vy| Z Al ZgZJIngl
=1

—2g3va ZB ZR 2 — 2g3va ZE ZR 21 + 8y Z nNPPzZBZEZE
=1

_4ZAZZUM YoaZBZB 2z — 2WZTMZZQ+IZJ%Z,§§
=1 a=1 =1

- 42 Z VRIA ZYV amZngaZngmZm + SZ Z VRINAMZi Zf2{+mZk1 22 ‘[T,\ Zi 2+lZIﬁ

=1 m=1 =1 m=1

3 3
+ SUdZ Z Al}‘;knzzg—i-l 32+mZk1 - 42 Z >‘l ZUL a ValZz2+lZ]g+mZkl
=1 m=1

=1 m=1 a=1

- 291Uu Z i5+a JJ+aZk72 292UU Z Zz5+a 35+aZk2

a=1

+ 4Uu Z Z YV alZ 754a Z blZzo+bZk2 + 4UU Z Z YV U«lZera Z 5+bZk:2

=1 a=1 =1 a=1
3 3

— v, Y N YouZt ZH 2 - 29 Z Vo2 2B ZE

=1 a=1 a=1

H
—292 ZULa i5-+a 12Zk2 4vdz)‘lZYVal j5+a 22Zk2
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+4ZZ’UL(1 yalz J5+ Zk2+4zz aleCLZYl/bl i54b Z’g

=1 a=1 =1 a=1
+ 2\/>Z Z v,a 5+aZ'LQ+le2 + 42 Z Z le’K;lmn Z YV am g5+aZzQ+nZlg
1=1a=1 =1 m=1n=1
+ 2\fz Z HToaZl 28 — v, Z A\l ZYV aZH 2B — 2930, 2 ZH 71
=1 a=1

— 2930, 25 Z] Zk2+8vu|2)\l|22 HZ8 —203vaZ5 28 28
=1

— 293vaZ8 7! Zk2+8vd|2)\l| ZBZHZl 4ZAZZUM Y,.aZB 2828
=1

3
H H
- 2[2 T)\ lZ'L2+l Zk:2 - 2-9% Z VUL,a z5+aZ]2Zk2 - 293 Z VUL,a 15+aZj2Zl£{2

a=1 a=1
—41}dz>\l ZYMZZMQ Zk2+4ZZ'ULa ualZY blZ7.5+b Zlg
l=1a=1
+4 Z Z v.alVLa Z Y, uZis 025215 — 207va 2l 25 2%

=1 a=1

— 2930421 7! Zk2+8vd|ZAl ZHzB 70 4ZAlZuLa Y, aZHZB 28
l_
3 3
+ 69700 Zi3 ZHBZ1 + 6950 2R ZE 28 +8) Y vir NN 2 Z 15 2

=1 m=1

3 3
+38 Z Z URI Z YV alYV*amZZQer nglg + 2\/52 Z T:,al 7,}5[+aZ]I_£+lZlg

=1 m=1 a=1 =1 a=1

+4Z Z ZWR‘%lngYV (lmZz5+aZJ2+nZk2 +2\[ZZ i54a ual 2+[Zk-2

=1 m=1n=1 =1 a=1

- QﬂZTj’lZ{ijgHZ,g + 82 Z VRINNL ZH 28 2 + 82 Z VR ZYV aYo.amZH 20 2

=1 m=1 =1 m=1 a=1

+ 8, Z Z NN ZB L2878+ 8%2 Z ZYD aYvamZh 28,20

=1 m=1 =1 m=1a=1
3 3 3 3 3
H H

+4 E 5 g K;lmn § VUL,a ValZ¢2+mZ]2+nZk2 +4 E § : VRI § :Yy7al 75+a § : v,bm l5+bZk?2+m

=1 m=1n=1 =1 m=1 a=1

3 3 3 3

*

+ 4 E E VRI § YV alZz5+a E Y bm, bZk2+m 4 E E le}‘l E YV am ]5+aZz Zk2+m

=1 m=1 a=1 =1 m=1

3 3 3 3 3

+ 2[2 Z 75+aZz Zk:2+l + 42 Z Z ’URlK“lmn Z YV am ]5+aZz Z}’fIQ-i-n

=1 a=1 =1 m=1n=1
3 3 3 3

+ 2\[2 Z 754+a V alZ Zk2+l + 4’Uu Z Z Z H?mn Z Yl’ al 5+aZ7.2+mZk2+n

=1 a=1 =1 m=1n=1
3 3 3

—4ug Z Z /\7 ZY” am 5+aZ 2+le2+n + 42 Z ZUL atv,al ZYV meJh5r+bZ12+le2+m

=1 m=1 a=1 =1 m=1a=1
3 3 3

+ 42 Z ZYV alVL, GZYV bm J5+bZZQ+le2+m 42 Z URI)\Z ZYV amZz5+aZJ1211cq2+m

=1 m=1a=1 =1 m=1
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3
+ 82 Z le)‘l)‘m il Zlg-‘rm - 2\/§ZT:,ZZ{QIZ;{ZI$+Z

=1 m=1 =1
3 3

+ 8vg Z Z N, Zzz+lZ Zk2+m 42 Z N ZUL a VamZzQ+lZ Zk:2+m

=1 m=1 =1 m=1 a=1

3 3 3

+ 2\[2 Z 15+a Zk2+l +4 Z Z Z URl‘%lmn Z YV am Zz5+aZ Zk2+n

=1 a=1 =1 m=1n=1

3 3 3

+ Q\fzzzzwa v,al 2Zk2+l 2\/§ZT)\IZ Zngrl + SZ Z URl)\l)\:nZngZIg+m

=1 a=1 =1 =1 m=1

+8 Z VR Z VoatYyiamZB 2828 . + 8v, Z Z NN ZE L ZBZE

=1 m=1

+ 82 Z UuZYV al VamZ 2+lZ Zk2+m + 42 Z Z K“lmn ZUL a ualZzQ+mZg2ZI£12+n

=1 m=1 a=1 =1 m=1n=1
+ 4v k), Y z ZH ., —4v NDY YamZE 2878
u Imn v,al4i54+q ]2+m k2+n d 1 v,am“i54+a“j24+1“k24+m
=1 m=1n=1 =1 m=1 a=1
3 3 3 3 3
+4Z Z ZUL aYv,al Z vomZia 6235412 m +4Z Z Z ValeaZYV omZia 62131121 4 m
=1 m=1a=1 =1 m=1a=1 b=1
3
+ SUdZ Z AL 2 +1Zk2+m 42 Z M Z”L oYoamZi Z s+1 %0 4m
=1 m=1 =1 m=1 a=1
3 3
x r7H r7H H
+ 8vy Z Z MALZi2 Zig 12k em
=1 m=1
H
+8UUZ Z ZYV Gl Vam Z]2+le2+m +4Z Z Zﬁlmn ZULQ ualZ Z 2+mZk2+n
=1 m=1la=1 =1 m=1n=1
3 3
H
+ 482 Z Z ZURI Zﬂlmqliqno 2+mZ 2+nZk2+o + 42 Z Z \[ K,lmn 2+lZ 2+mZk2+n
=1 m=1n=1¢g=1 o=1 =1 m=1n=1

3 3 3

3
+ 42 Z Z URI Z Y:amZIg+aZ{r2{+nZngmn

=1 m=1n=1 a=1

3 3 3 3 3 3 3
* H
+4 E E : E :URl E : v,am k5+azz Z 2+n’€lm” + 4UU E E E E Yl/,ale5+aZ 2+’rnZ 2+n’€lm”
=1 m=1n=1 a=1 =1 m=1n=1a=1
3 3 3
* H
—4 E E E 'URZ)\mZ7,2+nZ]2Zk1"$lmn 4 E E E URI)\ Z ]2+nZk1"ilmn
=1 m=1n=1 =1 m=1n=1
3 3 3
— 4v, § E E /\l Z12+m ]2+nZk1’%lm"
=1 m=1n=1
3 3 3 3 3
+ 4 § E E VRI E v,am Jo+aZz2+nZk2K’lm’ﬂ 4 § E E :URl/\ Z’LQ+nZ Zk;Q'%lmn
=1 m=1n=1 a=1 =1 m=1n=1
3 3 3 3 3
+ 4 § E URI E v,am 75+a232+nZk2Hlmn 4 E E E le}‘ Zzl 2+nZk2Hlmn
=1 m=1n=1 a=1 =1 m=1n=1
3 3 3
- 4Ud E : E E )‘l Z’LQer j2+nZk2K’lmn
=1 m=1n=1

3 3 3 3

+4Z Z ZZ Y* alVL,a 12+mZJ2+nZk2ﬁlmn+4Z Z Z'UR[Z v,am j5+aZ Zk2+n/€lmn

=1 m=1n=1a=1 =1 m=1n=1
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3 3 3 3 3
H * Hr7H r7H
+ 4oy E : § § E ]5+aZz2+mZk2+n“£lm7L —4 E E E URI)‘mZiQ Zjlsz—&-n’len
m=1n=1a=1 1=1 m=1n=1
H
— vy E E § Al Z7,2+m Zk2+n“lmn
=1 m=1n=1
3 3 3 3 3
Hr7H * Hr7H7H
+4 g E E URI E Y, ngz5+aZj2Zk2+n“lmn *42 : E : E :”RlAmZﬂZjZZan“lm"
=1 m=1n=1 a=1 I=1 m=1n=1
3 3 3
— 4u NzB, 7z Z8
d 1 “i24+m ]2 k24nvlmn
=1 m=1n=1

3 3 3 3

FAY N NS YL a 28 ZR 2 o Kimn + 40y Z Z Z Z Y2 28 2 K

=1 m=1n=1a=1 =1 m=1n=1a=1
3 3 3
— vy E : E E )‘l Z 2+mZk2+nK’lmﬂ 4vg E : E E )‘l Z 2+mZk2+nK’lmn
=1 m=1n=1 =1 m=1n=1

3 3 3 3
* H
+ 4 Z E E Yu,alUL,aZiZ Z 2+mZk2+n"€lmﬂ

3 3 3
- 4’Uu Z Z Y;:alzlgﬂ—a 2 )‘l 4 Z Z VRI Z YI/ alZ/g)-l-aZzQ-&-m _]blr/\m
lzl agl l_l?’)m 13 a=1
— v, > N VG ZiE ZH 2N — 400> S Yy Zi 2 2B
3[:13(1 1 =1 a=1 , , ,
- 42 Z VR Z ale5+aZ1 Zj2+m m 4Ud Z Z Zyufalzlg-&-azg-&-lz 2+7n/\
=1 m=1 a=1 =1 m=1la=1
3
— 4'Uu Z Z Yy*al J5+aZ7, Zk1>‘l 42 Z VRI Z YV am ]5+aZZQ+lZIﬁ)‘m
=1 a=1 =1 m=1 a=1
- 4Z”uZY al 15+a ]2Zk1)\l 4ZZY alVL, o2 ZJQZM/\I
= =1 a=1
3 3 3
- 42 Z ZleHlng22+mZ Zk1>\ 42 Z VRIL ZYV* Z5+aZJ2+mZIﬁ)‘m
l;l m3 1 n3 1 =1 m=1 a=1
- 42 Z Z URI‘L{;(ngQ Z]2+mZk1/\
=1 m=1n=1
3 3 3
- 41}’“ Z Z Z Hlngz2+lZ 2+mZk:1 42 Z Z Vllle a 12+ZZJ2+mZ1511)‘m
=1 m=1n=1 =1 m=1a=1
3 3
- 4ZUUZYV al 5+aZz ZkZ)‘l 4vdZZY;al 5+aZ1 Zk2)‘l
=1 a=1
3 3
—4vuZZY* V2GR ZEN =AY Y Y vl 2B 2] 2N
l=1a=1 =1 a=1
—4 Z Z Z leﬁlngﬂquZ Zk2 —4vg Z Z Yu*al 5+aZ Zk2>‘l
=1 m=1n=1 —
131 3 3 3 ?f v
— A3 N Y avna ZHZBZEN =AY YT vrikin ZH 205 i
=1 a=1 =1 m=1n=1

- 4’Ud Z Z Z Klmn 7,2+lZ 2+mZ]€IQ>\n

=1 m=1n=1
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-4 Z Z VRIL Z v,am ]5+a 21 ka)‘l 4vq Z Z Z j5+a 12+1Zk52+m)‘m

=1 m=1 a=1 =1 1=1a=1
3

- 42 Z VRI Z Yl/ al 7,5+a, Jle2+m 42 Z Z le’%lngzQ Z]ngm)\n

=1 m=1 a=1 I=11=11=1

—4 Z Z Z quilmnzﬂ-&-l Z;ngm)\n

=1 m=1n=1

3 3 3
_42 Z Z l/alea z2+lZJIZk2+m 4ZZZURlHZ‘nggZJgZIg+m>‘n

=1 m=1la=1 I=11=11=1

— 4oy Z Z Z Kin Zia 1 Z B 28 A

=1 m=1n=1

—4vg Z Z Z ValZ15+a j2+le72+7’L)\
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